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Abstract
The assembly of neuronal circuits depends on the correct wiring of axons
and dendrites. Studies in our laboratory revealed a critical role of seven-pass
atypical cadherin Celsr3, a member of planar cell polarity (PCP) proteins, in
the development of axonal tracts in the central nervous system, such as the
anterior commissure, internal capsule and corticospinal tract. Celsr3 deficiency
does not alter axonal growth, but affects axon guidance in cell-autonomous or
non-cell-autonomous manners, causing axon stalling at intermediate targets or
rerouting. Notably, all axon guidance defects in Celsr3−/− were observed in mice
bearing mutations in the PCP gene Fzd3, and some errors were reported in mice
with mutations of Vangl2, another PCP gene. Despite their unequivocally role,
underlying molecular mechanisms remain elusive. Furthermore, their functions
in the peripheral nervous system are still largely unexplored. Here we show that
Celsr3 cooperates with Fzd3 in spinal motor neurons to ...
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SUMMARY 
The assembly of neuronal circuits depends on the correct wiring of axons and 
dendrites. Studies in our laboratory revealed a critical role of seven-pass 
atypical cadherin Celsr3, a member of planar cell polarity (PCP) proteins, in the 
development of axonal tracts in the central nervous system, such as the 
anterior commissure, internal capsule and corticospinal tract. Celsr3 deficiency 
does not alter axonal growth, but affects axon guidance in cell-autonomous or 
non-cell-autonomous manners, causing axon stalling at intermediate targets or 
rerouting. Notably, all axon guidance defects in Celsr3−/− were observed in 
mice bearing mutations in the PCP gene Fzd3, and some errors were reported 
in mice with mutations of Vangl2, another PCP gene. Despite their 
unequivocally role, underlying molecular mechanisms remain elusive. 
Furthermore, their functions in the peripheral nervous system are still largely 
unexplored. 
Here we show that Celsr3 cooperates with Fzd3 in spinal motor neurons to 
mediate pathfinding of motor axons innervating the dorsal limb. Celsr3 is 
expressed in postmitotic neurons in the developing spinal cord. Specific 
inactivation of Celsr3 in spinal motor neurons severely perturbs peroneal nerve 
development, leading to absent innervation of the tibialis anterior muscle and 
stiff hindlimb. Deletion of Celsr3 affects neither the specification of motor 
neurons nor neuronal survival or neurite outgrowth. Celsr3-deficient axons of 
the peroneal nerve segregate from those of the tibial nerve but fail to extend 
dorsally, and they stall just after the branch point of the sciatic nerve. Mutant 
axons respond to repulsive ephrinA-EphA forward signaling and attractive glial 
cell–derived neurotrophic factor (GDNF). However, they are insensitive to 
attractive EphA-ephrinA reverse signaling. In transfected cells, Celsr3 
immunoprecipitates with ephrinA2, ephrinA5, Ret, GDNF family receptor 1 
(GFR1) and Fzd3. The function of Celsr3 in motor axons is Fzd3 dependent 
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but Vangl2 independent. Our results thus revealed the crucial roles of Celsr3 
and Fzd3 in motor axon guidance, and provide evidence for the first time that 
the Celsr3-Fzd3 pathway interacts with EphA-ephrinA reverse signaling to 
guide motor axons in the hindlimb, which may help us better understand their 
molecular mechanisms of action. 
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RESUME 
Le développement des circuits neuronaux requiert un câblage correct des 
axones et des dendrites. Les travaux de notre laboratoire ont identifié un rôle 
crucial de la cadhérine à sept domaines transmembranaires Celsr3, un des 
gènes de contrôle de la polarité cellulaire planaires (PCP), dans le 
développement de plusieurs voies axonales majeures du système nerveux 
central, comme la commissure antérieure, la capsule interne et le faisceau 
corticospinal. L’absence de Celsr3 n’affecte pas la capacité des axones de 
s’allonger, mais bien leur guidage – de manière intrinsèque ou extrinsèque – 
ce qui résulte en une trajectoire aberrante ou un blocage au niveau de cibles 
intermédiaires. Etonnamment, les phénotypes des souris mutantes Celsr3 sont 
aussi observées chez mutants pour le gène Fzd3, et en partie chez les souris 
“looptail” mutées pour Vangl2, un autre gène PCP. Malgré une fonction 
cruciale, les mécanismes moléculaires d’action restent mal connus. De plus, le 
rôle de ces gènes dans le système nerveux périphérique est inexploré. 
 Dans notre travail, nous montrons que Celsr3 collabore avec Fzd3 
dans les neurones moteurs spinaux et contrôle le guidage des axones moteurs 
vers les muscles dorsaux des membres. Celsr3 est exprimé par les neurones 
postmitotiques de la moelle. Son inactivation dans les motoneurones perturbe 
fortement le développement du nerf péronéal, ce qui résulte en une absence 
d’innervation du muscle tibial antérieur, avec parésie et pied-bot congénital. 
L’absence de Celsr3 n’affecte ni la spécification des motoneurones, ni leur 
survie, ni leur capacité à émettre des neurites. Les axones mutants se 
séparent normalement de ceux destinés au nerf tibial au niveau du 
branchement du nerf sciatique, mais ils ne peuvent pénétrer dans le 
mésenchyme dorsal et restent bloqués en aval du point de branchement. Les 
axones mutants restent capables de répondre au signal répulsif ephrinA-EphA 
ainsi qu’à l’action attractive du GDNF (“glia-derived growth factor”). En 
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revanche, ils sont insensibles à l’effet attractif du signal “inverse” EphA-ephrinA. 
Dans des cellules transfectées, Celsr3 immunoprécipite avec ephrinA2 et A5, 
ainsi qu’avec Ret, GFRα1 (récepteur α1 du GDNF), et Fzd3. Le rôle de Celsr3 
dans les axones moteurs dépend de Fzd3, mais pas de Vangl2. Nos résultats 
démontrent que la voie de signalisation Celsr3-Fzd3 interagit avec le signal 
inverse EphA-ephrinA, ce qui est nécessaire pour guider des axones moteurs 
dans les membres. 
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ABBREVIATIONS 
AER Apical ectodermal ridge 
BDNF Brain derived neurotrophic factor  
BMP Bone morphogenic protein 
Celsr Cadherin EGF LAG seven-pass G-type receptor 
CNS Central nervous system 
DCC Deleted in colorectal cancer 
DRG Dorsal root ganglion 
Dsh Dishevelled 
DTJ Diencephalon-telencephalon junction 
FBM neuron Facial branchiomotor neuron 
FGF Fibroblast growth factor 
Flamingo Fmi 
Fzd Frizzled 
GDF Growth Differentiation Factor 
GDNF Glial cell-derived neurotrophic factor 
HGF Hepatocyte growth factor 
HMC Hypaxial motor column 
IC Internal capsule 
Isl1 Islet1 
LMC Lateral motor column 
LMCL Lateral division of LMC 
LMCM Medial division of LMC 
MMC Medial motor column 
MTN Medial terminal nucleus 
NGF Nerve growth factor 
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Nrp Neuropilin 
NSC Neural stem cell 
PCP Planar cell polarity 
Pk Prickle 
PNS Peripheral nervous system 
PSPB Pallial-subpallial boundary 
r1-8 Rhombomere1-8 
RA Retinoic acid 
RGC Retinal ganglion cells 
ROBO Roundabout 
Sema Semaphorin 
Shh Sonic hedgehog 
TGF- Transforming Growth Factor- 
Vang Van Gogh 
WT Wild-type 
ZPA Zone of polarizing activity 
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1. INTRODUCTION 
The aim of this thesis was to understand better the role of genes/proteins 
Celsr3 and Fzd3, which are known to control planar cell polarity (PCP), in axon 
guidance. To study this, we choose to focus on the steering of motor axons in 
the hindlimb, based on our previous observations that mutant mice with 
inactivation of Celsr3 in motor neurons harbor hindlimb paresis. Before 
describing and discussing our work, we will provide background information on 
the main general proteins implicated in axon guidance, on the development of 
spinal motor neurons and limb motor innervation, and on Celsr3 and Fzd3 in 
the context of PCP and axon guidance. 
1.1 Axon guidance  
During the development of the nervous system, connections between neurons 
and their targets need to be established accurately at the correct time. To 
achieve this, multiple guidance signals tell axons when and where to travel, 
stop and finally make synapses. Axon guidance cues can be divided into two 
groups according to their working distance: secreted diffusible molecules act at 
long-range, whereas other molecules bound to the membrane of guidepost 
cells or to the extracellular matrix act more locally. Guidance molecules can 
attract or repel the axons, and in some cases guidance cues attract some 
axons and repel others, depending on the receptors and transduction 
machinery expressed in the axonal growth cone. Combining genetic, 
biochemical and molecular approaches, four classical families of axon 
guidance cues have been identified in the last decades, namely Ephrins, 
Netrins, Semaphorins and Slits (Fig. 1A), which act through specific dedicated 
membrane receptors (Fig. 1B) (Dickson, 2002). In addition, morphogens, such 
as Wnt, Shh and BMP, and neurotrophic factors, including GDNF, NGF and 
BDNF, are also able to control axonal pathfinding in some contexts. 
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Fig 1. The classical families of axon guidance molecules (A) and their 
receptors (B). (Dickson, 2002) 
1.1.1 Ephrins and Ephs 
The Eph receptor tyrosine kinases bind ligands named ephrins (Flanagan and 
Vanderhaeghen, 1998). The role of this system in neural development was 
initially identified in studies of retinotectal mapping (Cheng et al., 1995; 
Drescher et al., 1997; Drescher et al., 1995). In mammals, 15 Eph receptors 
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and 8 ephrins are divided into two groups: EphA/ephrinA and EphB/ephrinB. 
There are 9 EphA (EphA1-8 and EphA10) and 6 EphB receptors (EphB1–B4 
and EphB6), which bind respectively to 5 ephrinAs (Efna1–5) and 3 ephrinBs 
(Efnb1–B3) (Egea and Klein, 2007). EphrinAs, the EphA ligands, are 
glycosylphosphatidylinositol (GPI)-anchored proteins residing in membrane 
domains enriched in sphingomyelin and cholesterol (so-called “rafts”), whereas 
the EphB ligands, ephrinBs, are type I transmembrane proteins. Crosstalk 
between the two classes A and B is quite rare. However, EphA4, in addition to 
binding to most ephrinAs, is also able to interact with ephrinB2 and B3 (Gale et 
al., 1996; Orioli and Klein, 1997), and EphB2 can bind to ephrinA5 in addition 
to ephrinBs (Barton et al., 2004; Himanen et al., 2004). Besides axon guidance, 
Eph and ephrin signaling controls various biological processes, such as 
synaptic plasticity, neurogenesis, vasculogenesis, neural crest cell migration, 
tissue segmentation and border formation (Flanagan and Vanderhaeghen, 
1998; Kullander and Klein, 2002; Lemke and Reber, 2005; McLaughlin and 
O'Leary, 2005; Palmer and Klein, 2003). Here we will focus on axon guidance.  
Ephs and ephrins can bind to each other in trans through local cell-cell 
contacts, and transduce a bidirectional signal. In so-called ephrin:Eph “forward” 
signaling, ephrin acts as the ligand to activate Eph receptors. In Eph:ephrin 
“reverse” signal,  ephrin serves as the receptor and Eph as the ligand (Egea 
and Klein, 2007). In forward signaling, ephrins binding induces the clustering 
and autophosphorylation of Eph receptors, which recruits 2-chimaerin to the 
cluster and causes tyrosine phosphorylation of both ephexin (Eph-interacting 
exchange factor) (Sahin et al., 2005) and 2-chimaerin (Shi et al., 2007). 
Phosphorylated ephexin activates RhoA and phosphorylated 2-chimaerin 
inactivates Rac1. Activation of RhoA and inactivation of Rac1 leads to actin 
depolymerization and growth cone collapse (Bashaw and Klein, 2010). In 
reverse signaling, following Ephs binding, ephrins are clustered and the 
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intracellular tails of  ephrinBs are phosphorylated by Src family tyrosine kinases, 
which are both crucial for the signaling (Palmer et al., 2002).  
This bidirectional signaling mediates development of several axonal 
tracts. A crucial role of Eph/ephrin signaling is well known in the guidance of 
axons across the midline. For example, ephrinB2 is expressed at the optic 
chiasm and activates forward signaling to repel EphB1-positive ipsilateral 
retinal axons, preventing them from crossing the midline (Nakagawa et al., 
2000; Williams et al., 2003). In the spinal cord, ephrinB3 is expressed at the 
midline and repels EphA4-positive corticospinal axons to avoid aberrant re-
crossing (Dottori et al., 1998; Palmer and Klein, 2003). In contrast, ephrinB2 
positive anterior commissure axons are attracted by EphA4 and EphB2 
expressed in guidepost cells, an example of reverse signaling (Henkemeyer et 
al., 1996; Orioli et al., 1996). In addition to midline crossing, Eph and ephrins 
play important roles in controlling the formation of topographic maps. For 
example, repulsive ephrinA:EphA forward signaling controls the mapping of the 
temporal-nasal axis of the retina to the anterior-posterior axis of the tectum, in 
a concentration dependent manner (Yates et al., 2001). Attractive 
EphB:ephrinB reverse signaling mediates dorsal-ventral retinal mapping to the 
lateral-medial tectal axis (Hindges et al., 2002; Mann et al., 2002). ephrin-A5 
mediates the attraction or adhesion of vomeronasal axons to EphA6 positive 
target cells in the accessory olfactory bulb, via ephrinA reverse signaling (Knoll 
et al., 2001).  
1.1.2 Netrins and their receptors 
Netrins, initially discovered for their role in commissural axon guidance in chick 
(Tessier-Lavigne et al., 1988) are highly conserved proteins (Round and Stein, 
2007). The mammalian genome encodes 5 Netrins (Ntn1-5), which are 
secreted proteins, and two Netrin G (Ntng1-2), which are GPI anchored and 
will not interest us further. All Netrins have amino terminal domains V and VI 
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similar to the amino terminal domain of laminin (Yurchenco and Wadsworth, 
2004). Netrin receptors include DCC (deleted in colorectal cancer), the DCC 
paralog Neogenin, and UNC-5. DCC has a large extracellular domain with four 
immunoglobulin (Ig)-like domains and six ﬁbronectin type III (FN3) repeats, and 
an intracellular tail containing conserved P1, P2 and P3 motifs, the latter being 
essential for Netrin induced axonal attraction. Neogenin also contains four Ig 
domains and six FN3 repeats in the extracellular domain. UNC5 contains 
several Ig and thrombospondin type 1 domains in the ectodomain, a zonula 
occludens-5 (ZU-5) domain, a DB motif and death domain in the cytoplasmic 
tail (Barallobre et al., 2005; Round and Stein, 2007). 
Netrins can attract or repel growing axons, depending on the receptors 
that they engage. In most cases, Netrins evoke an attractive signal when 
binding to the receptor DCC (Keino-Masu et al., 1996), or a repulsive signal 
when interacting with the receptor UNC-5 (Guan and Rao, 2003; Leonardo et 
al., 1997). Moreover, whether Netrins acts as an attractant or repellant also 
depends on the intracellular context in the growth cone, such as cAMP (Piper 
et al., 2007) and calcium (Hong et al., 2000). For example, binding of Netrins to 
DCC leads to the homodimerization of receptors, increased ratio of cAMP to 
cGMP (Ming et al., 1997), an influx of calcium (Hong et al., 2000) and rapid 
activation of Rho GTPase (Li et al., 2002), including Rac1 and CDC42, which 
finally promote axonal extension. Netrins are crucial midline axon guidance 
cues and play an essential role in axon extension to the ventral midline of the 
spinal cord (Serafini et al., 1996). Netrin1, secreted by floor plate cells in the 
spinal cord, attracts commissural axons toward the midline and at the same 
time repels spinal motor axons (Kennedy et al., 1994). Moverover, Netrin and 
its receptors are required for the decussation of the corticospinal tract at the 
spinal medulla boundary (Finger et al., 2002). Netrin, expressed at the 
emergence of the optic nerve, is required for retinal ganglion cell axons to exit 
the retina and enter the optic nerve (Puschel, 1999). 
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1.1.3 Semaphorins and their receptors 
Semaphorins, the largest family of axon guidance cues, include membrane-
bound and secreted proteins that share a conserved N-terminal semaphorin 
domain (Kolodkin et al., 1993; Luo et al., 1993). Semaphorins are divided into 
eight classes. Classes 1 and 2 are found only in invertebrates, and classes 3, 4, 
6, 7 only in vertebrates, whereas class 5 exists in both. Class 8 corresponds to 
the viral semaphorins. Semaphorins can be secreted (classes 2 and 3), 
transmembrane type I (classes 1, 4, 5 and 6) or GPI-anchored proteins (class 
7). The mouse and human genomes encode 21 semaphorin proteins: 
Sema3A-G, Sema4A-G, Sema5A-B, Sema6A-D and Sema7A. 
Semaphorins have multiple functions ranging from axon guidance to 
cell migration. In axon guidance, they mostly mediate axon repulsion, although 
some attract growth cones, depending on which semaphorins and/or receptors 
are expressed in growth cones. There are at least 3 groups of semaphorin 
receptors. Most Semaphorins bind to Plexins. Class 3 semaphorins signal 
through complexes of Neuropilins, Plexins and adhesion molecules, whereas 
integrins act as receptors for Class 7 members. 
Transmembrane receptors Plexins, the main Semaphorin receptors, 
are divided into four classes (PlexinA-D) (Jongbloets and Pasterkamp, 2014). 
Two Plexins (PlexA and PlexB) are identified in invertebrates, and 9 Plexins 
(Plexins A1-A4, B1-B3, C1, D1) in vertebrates. In addition to Plexins, other 
membrane proteins act as coreceptors or receptors for Semaphorins. For 
example, Neuropilins, transmembrane proteins with a short intracellular tail, 
facilitate the binding of secreted class 3 Semaphorins to Plexins, and are 
necessary for their effects on axon guidance (Fujisawa, 2004). In vertebrates, 
two Neuropilins, Neuropilin1 (Nrp1) and Nrp2, have been identified. Moreover, 
Sema7A binds to β1 integrins and transduces signals independent of Plexins, 
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and Sema3A can signal through both Nrp1/Plexin A1 and Nrp1/L1 (L1cam) 
complexes (Jongbloets and Pasterkamp, 2014).  
Table 1. Class III semaphorins in axon guidance Adapted from (Koncina et al., 
2007) 
Semaphorin Axon Effect 
Sema3A DRG axons repellent 
 cortical axons repellent, induces fasciculation 
 sympathetic axons repellent 
 hippocampal axons repellent 
 sensitive axons repellent 
 cerebellar mossy fibers repellent 
 motoneuron axons repellent 
 DRG axons repellent 
Sema3C cortical axons attractant 
Sema3D Sema3D commissural axons repellent through NRP1 
  attractant through NRP1-NRP2 
Sema3F Sema3F olfactory bulb axons attractant 
 motoneuron axons repellent 
 
The most well studied semaphorins are soluble class 3, which control 
axonal growth (Table 1). In most cases, class 3 Semaphorins repel axons and 
thereby prevents them from growing toward some areas. However, Sema3C 
can promote the growth of cortical axons and Sema3F attracts olfactory bulb 
axons, suggesting that Sema3 can also act as attractants for some axons. 
Binding of semaphorins to plexins and their co-receptors rearrange the growth 
cone cytoskeleton, through multiple downstream effectors, including Rho 
GTPase, the kinases Fes, Fyn and Cdk5, the oxidoreductase MICAL, 
lipoxygenase and the CRMP proteins (Bashaw and Klein, 2010; Fiore and 
Püschel, 2003). The distinct co-receptors and associated downstream effectors 
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determine the characters of semaphorin signals (Negishi and Oinuma, 2015). 
Inactivation of Sema3A in mice leads to defasciculation of several axonal tracts 
which results in Sema3a-rich routes. Semaphorins also guide the spinal motor 
axons in the limb, as will be explained in details in the next section. 
1.1.4 Slits and their receptors 
Slit ligands and roundabout (ROBO) receptors were first identified in 
Drosophila where they regulate midline crossing (Kidd et al., 1999; 
Rajagopalan et al., 2000; Rothberg et al., 1990; Simpson et al., 2000). In mice, 
there are three slit (Slit1–3) and four robo genes/proteins (Robo1–4) (Brose et 
al., 1999). Slits are large extracellular matrix (ECM) glycoproteins of about 200 
kDa and Robos are single pass transmembrane receptors with no known 
enzymatic activity, that regulate the actin cytoskeleton via cytoplasmic adaptors 
such as Enabled. During midline crossing, Slit expressed in midline cells binds 
to Robo in the axonal growth cone and triggers axonal repulsion. Since Robo 
receptors expression are dramatically upregulated as the commissural axons 
cross the ventral midline, Slit thus acts as a repellent for noncrossing axons 
and for commissural axons after they have crossed the midline. In vertebrates, 
Slit/Robo controls midline crossing of retinal axons (Hutson and Chien, 2002; 
Plump et al., 2002), commissural axons in the spinal cord (Long et al., 2004; 
Sabatier et al., 2004), olfactory bulb axons (Nguyen-Ba-Charvet et al., 2002), 
cortical axons (Bagri et al., 2002; Shu et al., 2003) and precerebellar axons 
(Marillat et al., 2004). At the midline, Robo1 can also bind to DCC and this can 
lead to the inhibition of netrin-1 attraction (Stein and Tessier-Lavigne, 2001). In 
addition to midline crossing, Slits also regulate the growth of retinal axons: Slit 
expressing cells surround retinal axons and channel them before and after the 
chiasma, up to the level of the diencephalon (Fricke et al., 2001; Hutson and 
Chien, 2002). In addition to their repulsive function, N-terminal cleavage 
fragment of Slit2 but not full length Slit2 is able to stimulate DRG sensory axon 
elongation and branching (Nguyen Ba-Charvet et al., 2001; Wang et al., 1999), 
INTRODUCTION 
 
  - 19 - 
 
which can be modulated by cGMP and laminin (Nguyen-Ba-Charvet et al., 
2001) and may also rely on the participation of PlexinA4 in the signaling 
cascades (Miyashita et al., 2004). 
1.1.5 Morphogens, including Wnt, Shh and BMP/TGF- 
In addition to the four classical axon guidance cues mentioned above, secreted 
morphogens, including Wnt, Shh (Sonic Hedgehog) and BMP/TGF-(Bone 
Morphogenic Protein/Transforming Growth Factor-), better known for their 
wide ranging roles in development, are involved in the control of axon steering 
in some contexts. There is general consensus that gradients of morphogen 
concentration directed along anatomical axes result in graded activation of 
receptors and signaling machinery, and that this plays a key role in 
specification of cell fates, and tissue patterning. 
Wnt proteins, a family of 19 members in mammals, are secreted lipid-
modified glycoproteins, which play important roles in embryonic development 
and in the adult. Wnts are able to activate at least three distinct signaling 
pathways: canonical Wnt/-catenin, PCP, and Wnt/Calcium signaling. 
Accumulating evidence shows that Wnts are bifunctional axon guidance cues 
(Table 2). When Wnts bind to their Frizzled receptors (Fzd1-10 in mice), they 
most often attract axons, whereas they mainly mediate a repulsive effect when 
they bind to the Derailed/Ryk receptor tyrosine kinase. In the spinal cord, 
commissural axons turn rostrally after crossing the midline, and this is defective 
in Fzd3 mutant mice. Wnt4 and Wnt7b form an anterior high–posterior low 
gradient in the floor plate. Wnt4 is able to attract postcrossing commissural 
axons, and inactivation of Wnts by secreted frizzled-related protein 1 (sFRP1) 
impairs rostral turning of axons. When Wnt4 expressing cells are placed 
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Table 2.  Role of Wnts in axon guidance Adapted from (Charron and Tessier-
Lavigne, 2007). 
Genes 
 
Species Experiments Phenotypes 
wnt5 Drosophila  wnt5 mutants Axons that normally project into 
the anterior commissure project 
into the posterior commissure 
drl Drosophila  drl mutants Similar to the phenotype in wnt5 
mutants 
drl Drosophila  Ectopic 
expression of 
Drl in posterior 
commissure 
neurons 
Forces posterior commissure 
neurons to cross in the anterior 
commissure 
Fzd3 Mouse Fzd3 gene 
inactivation 
Defects in anteroposterior 
guidance of commissural 
axons after midline 
crossing and monoaminergic 
axons in the brainstem 
Wnt4 Mouse Ectopic 
expression of 
Wnts or sFRP 
When Wnt4 expressing cells are 
placed posteriorly, some 
commissural axons are rerouted 
posteriorly towards them. 
Inactivation of Wnts by sFRP 
impairs rostral turning of axons 
Wnt5a/ 
Wnt7b 
Mouse Explants 
culture 
Wnt5a attracts serotoninergic but 
repels dopaminergic mdDA 
axons, which are attracted by 
Wnt7b, dependent on Fzd3 
Ryk Mouse Injection of 
anti-Ryk 
blocking 
antibodies in 
the spinal cord 
Blocks the posterior growth of 
CST axons in the spinal cord 
Wnt3 Chick Wnt3 
overexpression 
in the tectum 
RGC axons avoid the site of 
ectopic Wnt3 
Ryk Chick Expression of 
a dominant-
negative Ryk 
in dorsal RGC 
axons 
Medial shift of RGC axon  
termination zone in the tectum 
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posteriorly, some axons are rerouted posteriorly towards them (Lyuksyutova et 
al., 2003). This suggests that Wnts attract ascending commissural axons 
through Fzd3. Conversely, Wnt1 and Wnt5a form an anterior to posterior 
decreasing gradient in a region adjacent to the dorsal midline and dorsal 
funiculus, and repel descending corticospinal axons via binding to the Ryk 
receptor (Liu et al., 2005). In wild-type Drosophila, Wnt5a, expressed in 
posterior commissure, repels axons expressing Derailed (Bonkowsky et al., 
1999; Yoshikawa et al., 2003). In both Wnt5a and Derailed mutants, the axons 
that should project into the anterior commissure are misrouted to the posterior 
commissure. Another evidence for the role of Wnts in axon guidance is during 
development of monoaminergic axons, which harbor guidance defects in Fzd3 
mutants (Fenstermaker et al., 2010). In explants, Wnt5a attracts serotoninergic 
but repels dopaminergic mdDA axons, which are attracted by Wnt7b. Fzd3 is 
expressed in serotoninergic and mdDA neurons, and Fzd3 mutant mdDA 
axons cannot respond to Wnt5a and Wnt7b (Fenstermaker et al., 2010). 
Moreover, Wnt3 forms a medial high–lateral low gradient in the mouse superior 
colliculus and in chick tectum, and it mediates medial–lateral topographic 
mapping through repelling Derailed/Ryk positive retinal axons in a 
concentration–dependent manner (Schmitt et al., 2006). 
Sonic hedgehog (Shh), a secreted morphogen produced by both the 
notochord and the floor plate, controls the dorsoventral patterning of the spinal 
cord (Dessaud et al., 2008). In canonical Shh signaling, Shh binds to its 
receptor Ptch1 and co-receptor Boc, Cdon, or Gas1, and relieves inhibition of 
the receptor Smoothened (Smo) (Allen et al., 2011; Izzi et al., 2011). Activated 
Smo further activate Gli, resulting in its translocation to the nucleus to regulate 
the transcriptions of target genes (Dessaud et al., 2008). Shh also mediates 
the pathfinding of commissural (Bourikas et al., 2005; Charron et al., 2003; 
Yam et al., 2012), RGC (Gordon et al., 2010; Sanchez-Camacho and 
Bovolenta, 2008) and midbrain dopaminergic axons (Hammond et al., 2009) in 
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a transcription–independent way (Yam and Charron, 2013). Shh induces the 
turning of the commissural axons within 10 min (Yam et al., 2009), suggesting 
that it controls axon guidance directly on the growth cones rather than through 
regulating gene expression. Moreover, inactivation of the receptor Smo or Boc 
leads to defective trajectories of commissural axons in mice (Charron et al., 
2003; Okada et al., 2006), suggesting that Shh acts as a chemoattractant for 
commissural axons via Smo and Boc. Remarkably, Shh, exhibiting a 
decreasing caudal–rostral gradient, switches from a chemoattractant to a 
chemorepellent to axons after they cross the midline, and repels them to turn 
rostrally (Bourikas et al., 2005; Yam et al., 2012). This switch depends on the 
levels of 14-3-3 proteins: when the level is low, Shh attracts axons, and repels 
when high. In the axon turning assay, Shh switches from attractant to repellant 
as neurons age in culture, and specific inactivation of Smo in commissural 
neurons (Yam et al., 2012) or downregulation of Smo in rat open-book cultures 
(Parra and Zou, 2010) leads to defective rostral turning of the axons. Moreover, 
Shh is involved in guiding RGC axons at the optic chiasm (Sanchez-Camacho 
and Bovolenta, 2008), where it defines a constrained pathway at the ventral 
midline and along the optic tract (Gordon et al., 2010). 
 BMPs, members of TGF- superfamily, control cell fate specification 
and guide commissural axons through type I and type II BMP receptors 
(Attisano and Wrana, 2002; Yam and Charron, 2013). BMP7, secreted by the 
roof plate in the dorsal midline of the spinal cord, can elicit growth cone 
collapse independently of R-Smad signaling (Perron and Dodd, 2011). In 
mutant mice for BMP7, GDF7 (Growth Differentiation Factor 7, a member of 
the GDF family, a TGF-beta subfamily) or BMPRIb, commissural axon growth 
is disrupted (Augsburger et al., 1999; Butler and Dodd, 2003; Yamauchi et al., 
2008). This indicates that BMP7:GDF7 heterodimers repel commissural axons 
through binding to the receptor BMPRIB, leading to the initial growth of 
commissural axons away from the dorsal spinal cord. 
INTRODUCTION 
 
  - 23 - 
 
1.1.6 Neurotrophic factors, including GDNF, NGF, and BDNF 
Nerve growth factor (NGF), glial cell-derived neurotrophic factor (GDNF) 
and brain derived neurotrophic factor (BDNF), are known to regulate axonal 
growth and neuronal survival. They also function as chemoattractants to axons 
in vitro, and in vivo loss or gain of function leads to reduced or exuberant 
axonal projections, respectively, suggesting that these factors can also behave 
as neurotropic factors and control axon guidance (Guthrie, 2007; Lykissas et 
al., 2007; Markus et al., 2002). Whereas GDNF acts as a chemoattractant for 
motor axons (Dudanova et al., 2010), sensory axons from dorsal root ganglion 
neurons turn and grow towards NGF (Gundersen and Barrett, 1979). Moreover, 
when beads soaked with NGF or BDNF were placed on cultured tissue slices, 
some axons in the spinal nerves diverted their trajectories and grew towards 
the beads (Tucker et al., 2001). GDNF, expressed in limb mesenchymal cells, 
cooperates with bi-directional ephrinA signaling and direct motor axons to 
innervate the dorsal limb (Kramer et al., 2006). Inactivation of GDNF or its 
receptor Ret/GFR1 leads to ventral misrouted projections of motor axons and 
defective innervation of dorsal limb (Kramer et al., 2006). Moreover, 
inactivation of GDNF or Ret/GFR1 also results in nearly absent innervation of 
the cutaneous maximus and latissimus dorsi back muscles by brachial motor 
neurons (Haase et al., 2002).  All these indicate neurotrophic factors control 
axon guidance both in vitro and in vivo. 
Neurotrophic factors regulate neuronal survival via endocytosis at 
nerve terminals and retrograde transport to the cell body. Inactivation of 
various neurotrophic factors in mice leads to dramatically increased cell death 
(Guthrie, 2007). Joint inactivating of neurotrophic factors and Bax – which is 
required for apoptosis – can rescue neuronal survival in neurotrophic factor 
mutants. For example, reduced innervation of sympathetic target organs were 
indeed observed in NGF + Bax double mutants (Glebova and Ginty, 2004). 
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However, although cranial sensory axons project correctly to their targets in 
BDNF + Bax double mutants, they exhibit local deficiencies in target 
innervation (Hellard et al., 2004).  
1.2 Motor axon pathfinding 
1.2.1 Initial differentiation of spinal motor neurons 
One of the first events during neural development is the specification of neural 
cell fates. During early development, the neural plate folds to form a neural 
tube which contains neural progenitors. The rostral part of the neural tube 
enlarges to form the brain, and the caudal part forms the spinal cord. In parallel 
to neural tube closure, two secreted proteins generate a dorsal-ventral gradient. 
On one hand, Bone morphogenic proteins (BMP) and Wnts, secreted initially 
by dorsal ectoderm and then by roofplate cells, generate a dorsal-to-ventral 
decreasing concentration gradient that is required for the differentiation of 
dorsal interneurons and neural crest cells. On the other hand, Sonic Hedgehog 
(Shh), secreted first by notochord and then by floorplate cells, generates an 
inverse, ventral-dorsal decreasing gradient which is both sufficient and 
necessary to induce the differentiation of spinal motor neurons and ventral 
interneurons (Alaynick et al., 2011).  
Shh represses the expression of class I homeodomain transcription 
factors (Pax6, Pax7, Dbx1, Dbx2, and Irx3) and induces the expression of 
class II proteins (Nkx6.1 and Nkx2.2) in a concentration-dependent manner, 
thus generating five progenitor domains in the ventral spinal cord (Vp0, Vp1, 
Vp2, pMN and Vp3) (Briscoe et al., 2000). In response to the graded Shh 
signaling, the progenitor cells in the pMN domain start to express Nkx6.1, Pax6 
and Olig2 (but not Nkx2.2 and Irx3) (Lee and Pfaff, 2001), and Nkx6.1 further 
induces the expression of the homeodomain protein MNR2. MNR2 then 
induces the expression of Lim3, Isl1, Isl2 and Hb9, leading these cells to exit 
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the cell cycle and differentiate into spinal motor neurons (Tanabe et al., 1998). 
Once their fate is determined, motor neurons migrate laterally in the ventral 
spinal cord where they cluster into longitudinal motor columns and innervate 
different skeletal muscles. 
1.2.2 Organization of spinal motor neurons 
Along the rostrocaudal axis, the cells in the neural tube are under the influence 
of several morphogens including FGFs, retinoic acid (RA) and GDF11. The 
graded expression of morphogens leads to the expression of different Hox 
genes (Hox6, 9, 10) at different segments of the neural tube, which 
definesthree different portions of the spinal cord: brachial, thoracic and lumbar 
spinal cord (Fig. 2A) (Bonanomi and Pfaff, 2010; Francius and Clotman, 2014). 
Spinal motor neurons are clustered into different columns innervating different 
targets (Fig. 2A). The medial motor column (MMC), present in all segments, 
provides innervation of epaxial, mostly paravertebral muscles, and the adjacent 
hypaxial motor column (HMC) contains neurons for innervation of muscles in 
the body wall. The preganglionic motor column (PGC) is localized more 
laterally at thoracic levels and contains neurons innervating sympathetic 
ganglia. The lateral motor column (LMC), present only at the brachial and 
lumbar levels, contains neurons that innervate limb muscles. The LMC is 
further divided into lateral (LMCL) and medial (LMCM) divisions. In each limb 
bud, the LMCL motor axons follow a dorsal trajectory, whereas the LMCM axons 
innervate the ventral tier. 
The different columns of spinal motor neurons can be identified by their 
positions and distinct profiles of homeodomain transcription factor expression 
(Fig. 2B). For example, Foxp1 is expressed in LMC but not MMC motor 
neurons; Islet1 (Isl1), a LIM-HD transcription factor initially expressed in motor 
neuron progenitors, is present only in MMC and LMCM but not LMCL motor 
neurons. In contrast, Lim1 (Lhx1) is detected only in LMCL but not MMC and 
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LMCM motor neurons. Islet2 (Isl2) is expressed in both MMC and LMC, but not 
PGC motor neurons (Bonanomi and Pfaff, 2010; Francius and Clotman, 2014). 
 
Fig. 2 Organization and molecular makers of motor neurons in the 
developing spinal cord. A. Schematic view of the distributions of the motor 
columns in the spinal cord. Rostrocaudal graded morphogens, including FGFs, RA 
and GDD11, determine the expression of distinct HOX genes and thereby define 
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the brachial, thoracic, and lumbar spinal cord. The medial motor column (MMC) is 
present in all levels and contains motor neurons projecting to the axial muscles. At 
thoracic level, the hypaxial motor column (HMC) innervates the body, particularly 
intercostal muscles, and preganglionic motor column (PGC) neurons project to 
sympathetic ganglia which innervate visceral organs. At brachial and lumbar levels, 
the neurons in the lateral motor column (LMC) are located in the lateral (LMCL) and 
the medial (LMCM) division, and innervate muscles of the dorsal and ventral limb 
bud, respectively. B. Distribution of distinct motor columns and their molecular 
markers on transverse sections of the brachial/lumbar or thoracic spinal cord. 
FGFs, fibroblast growth factors; RA, retinoic acid; GDF11, growth differentiation 
factor 11. (Francius and Clotman, 2014)  
1.2.3 Limb patterning 
The patterning of the limb bud is regulated by different morphogens with 
graded concentration along the proximal-distal, anterior-posterior and dorsal-
ventral axes. The apical ectodermal ridge (AER), located at the distal tip, 
serves as a main signaling center to ensure limb growth. Several fibroblast 
growth factors (FGF2, FGF4 and FGF8) expressed in AER cells are essential 
for the proximal-distal (shoulder-to-digits) patterning of the limb. Surgical 
removal of the AER results in a truncated limb, and this phenotype is rescued 
by incubation in the presence of FGF soaked beads. FGFs bind to their 
receptors and activate signals that control the proliferation and differentiation of 
limb mesenchymal cells (Gros et al., 2010; Hopyan et al., 2011; Yang, 2009). 
Wnt7a, expressed in the dorsal ectoderm, controls the dorsal-ventral patterning 
of the limb. Inactivation or mutation of Wnt7a causes severe limb malformation 
disorders with a loss of dorsal structures and a “biventral” limb, in both mice 
and human (Parr and McMahon, 1995; Woods et al., 2006). Wnt7a induces the 
expression of LIM homeobox gene Lmx-1b in the dorsal mesenchyme, which is 
necessary and sufficient to dorsalize the limb (Parr and McMahon, 1995; 
Riddle et al., 1995; Vogel et al., 1995). Engrailed-1, a homeodomain 
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transcription factor, is expressed in the ventral AER and ventral limb ectoderm 
downstream of BMP signaling (Pizette et al., 2001). Engrailed-1 is essential for 
AER position and ventral limb patterning (Logan et al., 1997; Loomis et al., 
1996; Loomis et al., 1998). Moreover, Shh is expressed in a zone of polarizing 
activity (ZPA) in the posterior mesoderm of the limb bud, and specifies the 
anterior-to-posterior (thumb-to-pinkie) pattern (Riddle et al., 1993).  
1.2.4 Initial outgrowth of motor axons 
Most motor axons exit the developing spinal cord ventrally, while axons of the 
spinal accessory nerve (and those of the trochlear nucleus in the brainstem) 
exit more dorsally (Bonanomi and Pfaff, 2010). Little is known about the 
mechanisms that control the exit point. Neurons whose axons exit ventrally 
express Isl1/2 and Lhx3/4, whereas those that exist dorsally are Lhx3/4 
negative. In Lhx3+4 double mutant mice, the numbers of motor neurons are 
not affected. However, axons from neurons which are supposed to exit 
ventrally exit at more dorsal sites (Sharma et al., 1998). Aberrant, dorsally 
projecting motor axons are present in the spinal cord of mice with inactivation 
of the G protein-coupled receptor Cxcr4 and its cytokine ligand Cxcl12 
(Lieberam et al., 2005). Cxcr4 is detected in motor axons while Cxcl12 is 
expressed in mesenchymal cells surrounding the ventral neural tube (Fig. 3). 
Whether Cxcl12 exerts as a direct chemoattractant or interacts with other 
signaling events is not clarified. In addition, Semaphorins may control exit, 
since defects are observed in semaphorin receptor Plexin3 mutant zebrafish 
(Fig. 3) (Palaisa and Granato, 2007). 
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Fig. 3 The outgrowth of motor axons from the neural tube. The repellent 
signals from the floor plate and boundary cap cells direct motor axons toward their 
ventral exit point, and Cxcl12 (yellow) in the mesenchyme attracts Cxrcr4-
expressing motor axons that project across the neuroepithelium. In Cxcl12 or 
Cxrcr4 mutants, some motor axons aberrantly project to the dorsal spinal cord. 
(Bonanomi and Pfaff, 2010) 
When motor axons leave the spinal cord, they grow through the rostral, 
anterior half of somites, and this contributes to patterning motor nerves 
segmentally along the rostral/caudal axis (Bonanomi and Pfaff, 2010). Peanut 
agglutinin (PNA)-binding glycoproteins, localized in the sclerotome derived 
from posterior caudal somites, can induce the collapse of growth cones and 
may prevent motor axons growth in this domain (Davies et al., 1990; Krull et al., 
1995; Oakley and Tosney, 1991; Stern et al., 1986). Moreover, Sema3F and 
Sema3A expressed in the caudal sclerotome control the segmentation of motor 
nerves by stepwise activation of Neuropilin signaling. Sema3F binds to Npn-2 
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and directs the initial outgrowth of motor axons through the anterior rostral 
sclerotome, while the activation of Nrp1 by Sema3A is essential for ventral root 
fasciculation (Roffers-Agarwal and Gammill, 2009). Other molecules 
specifically expressed in the caudal sclerotome are also able to repel motor 
axons in vitro, such as ephrinB1 (Orioli et al., 1996; Wang and Anderson, 
1997), F-spondin (Debby-Brafman et al., 1999; Tzarfati-Majar et al., 2001) and 
GPI-linked T-cadherin (Fredette et al., 1996; Ranscht and Bronner-Fraser, 
1991). In contrast, hepatocyte growth factor (HGF) (Ebens et al., 1996) and 
FGF (Shirasaki et al., 2006) expressed in rostral sclerotomes may attract motor 
axons.  
1.2.5 Guidance of MMC motor axons 
Shortly after they reach the periphery, motor axons are guided by multiple cues, 
both spacially and temporally. FGFs secreted by dermomyotomes are the main 
chemoattractants for MMC motor axons (Fig. 4A) (Bonanomi and Pfaff, 2010; 
Shirasaki et al., 2006; Tosney, 1987, 1988). FGFs bind to FgfR1 expressed in 
MMC motor neurons and attract MMC motor axons in vitro (Shirasaki et al., 
2006). Moreover, ectopic expression of the LIM-HD transcription factor Lhx3 
changes the fate of LMC and HMC neurons to that of MMC, with the 
consequence that their axons choose an axial trajectory. In particular, this 
evokes the expression of FgfR1 in HMC motor neurons rendering their axons 
responsive to FGFs. Conditional inactivation of FgfR1 in motor neurons causes 
MMC axon guidance defects (Fig. 4B, 6B) (Shirasaki et al., 2006). In contrast, 
ephrinAs expressed in DRG and limb tissue repel EphA3/4 positive MMC 
motor axons. In EphA3 and 4 double mutants, some MMC motor axons 
misproject in the DRG (Fig. 4B) (Gallarda et al., 2008). These evidences 
suggest that FGFs attract MMC axons through a permissive channel 
surrounded by repulsive ephrinAs positive cells. In cell lines, FgfR1 and EphA4 
can interact with each other physically, and potentiate each other’s signaling  
(Yokote et al., 2005). Of note, these two signaling pathways share a common 
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downstream effector, ephexin1, a guanine nucleotide exchange factor (GEF) 
required for Rho-dependent axon repulsion (Sahin et al., 2005; Shamah et al., 
2001; Zhang et al., 2007). All this indicates that they may also function 
cooperatively in MMC neurons. 
 
Fig. 4 Guidance of MMC axons to axial muscles. A. EphA3/A4 and FgfR1 
positive MMC motor axons are repelled by ephrinAs in the DRG and limb 
mesenchyme, and are attracted by FGF in the axial muscles. B. In EphA3/A4 or 
FgfR1 mutants, some MMC motor axons (pink) aberrantly project inside the DRG. 
1.2.6 Guidance of LMC motor axons 
Axons of LMC motor neurons ignore the guidance cues for MMC axons and 
grow in tight fascicles toward the limb bud. In forelimb, the roots from C1-C5 
segments form the cervical plexus, and the ones from C5-T1 form the brachial 
plexus. At hindlimb levels, the L1-L4 roots form the lumbar plexus, and L4-S4 
roots form the sacral plexus. LMC motor axons pause in plexuses where they 
defasciculate and segregate in new fascicles before forming peripheral motor 
nerves and entering the limb (Wang and Scott, 2000). Soon after entering limb 
buds, LMC axons perform an important choice: LMCL axons select a dorsal 
trajectory to innervate the dorsal limb, while LMCM motor axons choose a 
ventral trajectory and innervate the ventral limb (Fig. 5, 6A). Surgical dorsal-
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ventral rotation of the limb prior to motor axon outgrowth leads LMCL motor 
axons to select a ventral trajectory, and LMCM axons to choose a dorsal one 
(Ferguson, 1983; Whitelaw and Hollyday, 1983). Surgical removal of dorsal 
ectoderm, or inactivation of genes affecting dorsoventral patterning of the limb 
results in defective LMC axons pathfinding (Araujo et al., 1998; Luria and 
Laufer, 2007). Altogether, these results demonstrate that guidance cues in the 
limb bud play key roles in the pathfinding of LMC axons.  
 
Fig. 5 Guidance of LMC motor axons. Left, Isl1-positive LMCM axons (purple), 
expressing receptors Npn-2 and EphB1, are repelled by Sema3F and EphrinB in 
the dorsal limb and choose a ventral trajectory to innervate the ventral limb. Right, 
Lim1-positive LMCL motor axons (green), expressing ephrinAs, EphA4, RET and 
GFR1, are repelled by ephrinAs in the ventral limb and attracted by GDNF and 
EphAs in the dorsal limb, and therefore select a dorsal trajectory. (Bonanomi and 
Pfaff, 2010) 
Several signaling pathways guide LMC axons in the limb (Fig. 5). One 
of them is ephrinA::EphA forward signaling. EphrinA2 and A5 expressed in 
ventral limb mesenchyme repel LMCL motor axons that express high levels of 
EphA4, and prevent them from invading ventral limb fields (Fig. 5). In mutants 
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with neuron-specific or constitutive EphA4 deletion, due to a failure to respond 
to that repulsive signal, some LMCL motor axons project aberrantly to the 
ventral limb, causing a reduction of the peroneal nerve – the dorsal branch of 
the sciatic nerve – with atrophy of tibialis anterior muscle, and stiff hindlimb in 
adult mice (Fig. 6D) (Dudanova et al., 2012; Helmbacher et al., 2000). 
Reciprocally, ectopic expression of EphA4 in chick LMCM motor neurons 
causes their misdirection to the dorsal limb (Eberhart et al., 2002; Kania and 
Jessell, 2003).  
GDNF is expressed in the mesenchyme around the branching point of 
the sciatic nerve into dorsal, peroneal and ventral, tibial nerves. GDNF attracts 
LMCL motor axons that express a high level of Ret, a component of the GNDF 
receptor, which steers them towards dorsal limb (Fig. 5). Both GDNF and Ret 
mutants exhibit a phenotype similar to that of EphA4 mutants: LMCL motor 
axons select an aberrant ventral trajectory (Fig. 6D) (Kramer et al., 2006). In 
vitro assays confirmed the chemoattractive function of GDNF to LMC axons 
(Bonanomi et al., 2012; Dudanova et al., 2010). EphAs, particularly EphA3, A4 
and A7, expressed in dorsal limb mesenchymal cells, bind to ephrinAs 
(ephrinA2 and A5) in LMC motor neurons and trigger an attractive ephrinA 
reverse signal. Clustered EphA7-Fc promotes motor axon outgrowth when 
LMC motor neuron explants are cultured on laminin coated coverslips 
(Marquardt et al., 2005). Moreover, combination of clustered EphA7-Fc and 
GDNF triggers a synergistic signal which promotes LMC axon outgrowth and 
attracts them in a Dunn chamber axon turning assay (Bonanomi et al., 2012). 
Therefore, a combined strategy including ventral repulsion by ephrinAs in 
ventral limb and dorsal attraction by GDNF and EphAs in dorsal limb eventually 
ensures that LMCL motor axons select a dorsal trajectory. 
In parallel to EphA signaling which directs LMCL motor axons dorsally, 
ephrinB:EphB forward signaling guides LMCM motor axons ventrally (Luria et 
al., 2008). EphB1 is selectively expressed in LMCM but not LMCL axons. 
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ephrin–B2 is strongly expressed in dorsal limb mesenchymal cells and triggers 
a repulsive forward signaling in EphB1 positive LMCM axons to prevent them 
from innervating the dorsal limb (Fig. 5). In limb-specific ephrinB2 conditional 
mutant mice or EphB1/2/3 triple mutants, LMCM motor axons project aberrantly 
to the dorsal limb (Fig. 6E) (Luria et al., 2008). In addition, Sema3F-Nrp2 
signaling was also found to guide LMCM motor axons into the ventral limb 
(Huber et al., 2005). Nrp2 is expressed in a subset of LMCM but not LMCL 
neurons. Sema3F present in dorsal limb bud selectively binds to Nrp2 and 
repels Nrp2-expressing axons (Fig. 5) (Giger et al., 2000; Huber et al., 2005). 
In Nrp2 or Sema3F constitutive mutants, LMCM motor axons are misrouted to 
dorsal limb (Fig. 6E) (Huber et al., 2005). Thus, ephrinBs and Sema3F in the 
dorsal limb act cooperatively to repel LMCM motor axons and prevent them 
from innervating the dorsal limb. However, whether any attractive signaling in 
ventral limb exists to direct LMCM motor axons ventrally is unknown. EphBs are 
highly expressed in ventral limb, which mirrors higher EphAs in dorsal limb. 
Ventral EphBs may thus attract LMCM motor axons, like dorsal EphAs attract 
LMCL motor axons. Further studies are needed to test that hypothesis. 
In addition to Sema3F, other Semaphorins control axon growth in the 
limb. Sema3A-Nrp1 signaling controls the timing, fasciculation and fidelity of 
motor axon growth into the forelimb (Huber et al., 2005). Sema3A is expressed 
in early developing limb buds at E10.5, when the LMC motor axons reach the 
plexus but do not yet enter the limb. Unlike Nrp2, which is selectively 
expressed in a subset of LMCM neurons, Nrp1 is present in all LMC neurons 
(Huber et al., 2005). Sema3A may thus repel LMC motor axon at early stages, 
preventing motor axons prematurely to invade the limb, until axon guidance 
cues in the limb are ready. At E11.5, Sema3A has a high expression level 
around spinal nerves; and provides a “surround repulsion” to maintain axon 
fascicles in the limb. In Sema3A or Nrp1 mutant mice, LMC motor axons enter 
the limb bud at E10.5, earlier than in wild-type. As a result, both mutant motor 
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and sensory axons are defasciculated at plexus level at E12.5, and the mutant 
LMC motor axons are misrouted dorsoventrally (Fig. 6C).  
Besides these guidance cues, other molecules regulate LMC motor 
axon extension in the limb. Linx, a LIG gene family transmembrane protein, is 
expressed in subsets of motor and sensory neurons (Mandai et al., 2009). In 
Linx mutant embryos, the number of motor and sensory neurons are not 
affected. However, the common peroneal nerve and tibial nerve are thinner 
and shorter than in wild-type mice (Fig. 6G). The deep and superficial peroneal 
nerves –the two branches of the common peroneal nerve – are stalled. Linx 
mutants partially phenocopy Ret mutants, as both have a defective peroneal 
nerve. Moreover, Linx interacts with Ret physically and genetically, and Linx 
mutant motor neurons fail to respond to GDNF mediated axonal extension in 
vitro (Mandai et al., 2009), suggesting that GDNF-GFR1/Ret signaling may 
depend on Linx. However, the fact that the ventral tibial nerve is diminutive in 
Linx but not in Ret mutants implies that Linx interacts with signaling events 
other than GDNF/Ret.  
RNF165/Ark2C, an E3 ubiquitin ligase with homology to Arkadia, is 
expressed in the nervous system including spinal motor neurons and required 
for motor axon extension in dorsal limb (Kelly et al., 2013). Ark2C mutant mice 
exhibit a reduced motor axon growth in the dorsal limb and diaphragm (Fig. 6F). 
In cultured cells, Ark2C ubiquitinates negative regulators of BMP signaling, 
enhancing BMP signaling. A subset of E13.5 Ark2C+/−;BmprII+/− mice show 
defective axon projections in dorsal forelimb, albeit less severe than in Ark2C−/− 
mice (Kelly et al., 2013). These data suggest that BMP-Smad signaling may 
control motor axon extension.  
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Fig. 6 Schema of defective axon projections in different mutants. (A) In wild-
type, MMC motor axons (blue) innervate the axial muscles, LMCL axons (green) 
select a dorsal trajectory to form the peroneal nerve and innervate the dorsal limb 
(light green), while LMCM motor axons (red) choose a ventral trajectory to form the 
tibial nerve and innervate the ventral limb (light red). (B) Inactivation of FgfR1 in 
motor neurons leads to the defasciculation of MMC motor axons and rerouting of 
some axons in the DRG. (C) In mutants for Sema3A and Nrp1, both MMC and 
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LMC motor axons are defasciculated and LMC motor axons randomly innervate the 
dorsal and ventral forelimb. (D) In EphA4–/–, Ret–/–, GDNF–/–, Hb9::Gfra1 and Lim1-/- 
mice, some LMCL motor axons project aberrantly to the ventral hindlimb, causing a 
reduction of the peroneal nerve. (E) In ephrinB2f/–;Tbx4::Cre, EphB1+2+3–/–, 
Sema3F–/–, Nrp2–/– mice and Isl1 RNAi chick embryos, LMCM motor axons project 
aberrantly to the dorsal hindlimb, causing a reduction of the tibial nerve. (F) In 
Celsr3−/−, Fzd3−/−, Ark2C−/− and Ark2C+/−;BmprII+/− mice, LMCL axons correctly 
choose a dorsal trajectory but fail to extend in the distal limb (both hindlimb and 
forelimb). (G) In Linx mutants (hindlimb), both peroneal and tibial nerves are 
reduced. (H) In Lmx1b–/– and BmprIaf/–; Brn4::Cre mice, the dorsoventral patterning 
of the limb is disrupted and LMC motor axons innervate the limb randomly (both 
hindlimb and forelimb). 
A number of guidance cues are thus known to control axonal growth in 
the limb. LMCL and LMCM motor neurons express distinct LIM homeodomain 
transcription factors. As a result, they express different receptors and respond 
differentially to the guidance cues localized in the dorsal and ventral limb, 
leading LMCL axons to select a dorsal trajectory and LMCM axons to choose a 
ventral one. Perturbations of the transcriptional landscape are likely to impact 
on expression of guidance molecules and lead to defective axonal projections. 
LIM homeodomain factor Isl1 defines LMCM motor neurons. It is necessary and 
sufficient for EphB1 expression, and reduces expression of EphA4. This 
eventually causes LMCM axons to be repelled by dorsal ephrinBs but not 
ventral ephrinA (Kania and Jessell, 2003). In chick embryos, reducing Isl1 
expression in LMC motor neurons leads to misrouted LMCM axons to dorsal 
limb  (Fig. 6E) (Luria et al., 2008). In contrast, Lim1 defines LMCL motor 
neurons and increases the expression of EphA4, thus enabling LMCL axons to 
be repelled by ventral limb ephrinAs and to select a dorsal trajectory 
(Helmbacher et al., 2000; Kania and Jessell, 2003). In Lim1 mutants, the 
specification of LMCL motor neurons looks normal, but LMCL axons aberrantly 
choose a ventral trajectory  (Fig. 6D) (Kania et al., 2000). In addition to LIM 
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homeodomain transcription factors, genes that control dorsoventral limb 
patterning are also required for guidance of LMC motor axons. Wnt7a, 
expressed in dorsal limb ectoderm, is both necessary and sufficient to 
dorsalize the limb, via induction of the LIM homeobox gene Lmx1b in the dorsal 
mesenchyme (Parr and McMahon, 1995; Riddle et al., 1995; Vogel et al., 
1995). Surgical removal of dorsal ectoderm down-regulates the expression of 
EphA7 in dorsal mesenchyme, and leads to defective innervation of the dorsal 
limb (Araujo et al., 1998). In Lmx1b mutant mice, dorsal limb mesenchyme 
exhibits a ventral identity, and both LMCL and LMCM axons innervate the dorsal 
and ventral limb randomly (Fig. 6H) (Chen et al., 1998; Kania et al., 2000). In 
addition, conditional inactivation of Bmpr1a in limb ectoderm causes defective 
BMP signaling and disrupted dorsoventral hindlimb patterning (Ahn et al., 
2001). In Bmpr1a mutant mice, LMCL and LMCM axons randomly select dorsal 
and ventral trajectories (Fig. 6H) (Luria and Laufer, 2007). 
1.3 PCP, Celsr1-3 and neural development 
1.3.1 Planar cell polarity and core PCP genes in Drosophila 
Planar cell polarity (PCP) refers to the uniform orientation, alignment and 
organization of cells within the plane of an epithelium, and by extension to 
corresponding control processes. During development, PCP instructs epithelial 
cells to form structures with consistent orientation, or to migrate in a common 
direction. PCP was originally studied in Drosophila, and is the most evident in 
the alignment of hairs on the wings and body (Adler, 2002), the coordinated 
rotation of ommatidia in the eye (Zheng et al., 1995), and the asymmetric 
division of sensory organ precursors (Fabre et al., 2008). Genetic screens and 
molecular analyses identified a set of so-called “core” PCP genes/proteins that 
include the seven transmembrane receptors Frizzled (Fz), the atypical seven-
pass cadherin Flamingo/Starry night (Fmi/Stan), the tetraspanin Van Gogh 
(Vang) and the cytosolic adaptors Dishevelled (Dsh), Prickle (Pk) and Diego 
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(Dgo) (Adler, 2002; Chae et al., 1999; Feiguin et al., 2001; Krasnow et al., 
1995; Taylor et al., 1998; Tissir and Goffinet, 2010; Usui et al., 1999; Vinson 
and Adler, 1987). In wildtype Drosophila wings, an actin-rich hair grows at the 
distal side of the apical domain of each cell and points distally, thus forming a 
uniform organization of hairs in the wing (Fig. 7A,B). In core PCP mutants, both 
the initial growth sites and the uniform orientation of hairs are affected (Fig. 7A). 
Asymmetric distribution of core PCP proteins is observed in the wing epithelial 
cells: Fz, Dsh and Dgo accumulate at the distal side where the hair emerges, 
whereas Vang and Pk are enriched at the opposite, proximal side (Fig. 7B,C) 
(Adler, 2002; Shimada et al., 2006). Thus, two different membrane associated 
complexes are formed at the distal and proximal sides, and they control the 
organization of cells. In contrast, Fmi is present at both sides, possibly 
stabilizing asymmetric distribution of the two complexes and promoting cell-cell 
adhesion through homophilic interactions (Fig. 7B,C). 
 
Fig. 7 PCP in Drosophila. (A) Actin-rich hairs, labeled with phalloidin, are 
localized in the distal side of the epithelial cells and point uniformly to the distal 
wing in wild-type Drosophila (top panel), but are disrupted in PCP mutants. (B, C) 
Schematic view of asymmetric distribution of core PCP proteins in the epithelium. 
Pk and Vang are enriched on the proximal side, Fz, Dsh, and Dgo on the distal and 
Fmi on both sides of each cell. The two distinct complexes thus form an inhibitory 
feedback loop to amplify and maintain the asymmetric distribution.  (Vladar et al., 
2009) 
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1.3.2 Core PCP genes in vertebrates 
All core PCP genes are evolutionarily conserved, and each of them has at least 
one orthologue in vertebrates. The main mouse PCP genes are Celsr1-3 (the 
orthologues of Fmi); Fzd3 (Frizzled3) and Fzd6; Vangl1 and Vangl2; Dvl1-3; 
Prickle1-4 and Ankrd6 (the orthologue of Dgo) (Fig. 8) (Tissir and Goffinet, 
2010). Some PCP genes have overlapping expression patterns, and the 
deletion of one member is then unlikely to generate full PCP defects. 
Redundancy of PCP genes in vertebrates thus hampers functional studies, and 
makes it necessary sometimes to generate double or even triple mutants. 
 
Fig. 8 Schematic view of core PCP proteins in mammals. Mammalian core PCP 
proteins include: the seven-pass transmembrane receptors Celsr1-3 (the 
orthologues of Fmi), Fzd3 (Frizzled3) and Fzd6; four-pass receptors Vangl1 and 
Vangl2; intracellular adaptors Dvl1-3, and Prickle1-4. (Tissir and Goffinet, 2013) 
Like in Drosophila, core PCP genes mediate classical PCP processes 
in vertebrates, particularly the organization of cells in epithelia. This includes 
convergent extension during gastrulation, neural tube closure, the alignments 
of ependymal cilia, the organization of the inner ear epithelium, and skin hair 
follicle patterning (Boutin et al., 2012; Tissir and Goffinet, 2010, 2013; Wang 
and Nathans, 2007) . Like in the fly wing, core PCP proteins are asymmetrically 
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distributed in epithelial cells. Celsr1, Fzd3 and Dvl accumulate at the distal side, 
while Celsr1, Vang2 and Prickle are enriched at the opposite, proximal side. 
In addition to classical epithelial PCP, the same genes regulate events 
as diverse as ependymal ciliogenesis, neuronal migration, dendritic tiling, and 
axon guidance (Boutin et al., 2012; Boutin et al., 2014; Qu et al., 2010; Tissir 
and Goffinet, 2010, 2013; Wang and Nathans, 2007). 
1.3.3 Mammalian Celsr1–3 
The mammalian orthologues of Flamingo are Celsr1–3 (Cadherin EGF LAG 
seven-pass G-type receptor) which encode atypical large (more than 3000 
aminoacids) cadherins. All Celsr have seven transmembrane domains and a 
well conserved ectodomain with nine cadherin motifs, six epidermal growth 
factor-like motifs, two laminin A G-type motifs and a putative G-protein-coupled 
receptor proteolytic site. By contrast, the intracellular tails of the three Celsrs 
are much less conserved and have distinct length of about 300 amino acids in 
Celsr1 and 2, and about 590 amino acids in Celsr3.  
Celsr1–3 show distinct expression patterns in different tissues (Fig. 9). 
In the developing nervous system, Celsr1 is heavily expressed in ventricular 
zones of neural stem cell (NSC) proliferation (Fig. 9A,C), whereas Celsr3 
mRNA is not detected in NSC but expressed in most, if not all, postmitotic 
neural cells (Fig. 9C,E). By contrast, Celsr2 mRNA is expressed more 
ubiquitously and found in both NSC and postmitotic cells (Fig. 9B,D). In adult 
nervous system, Celsr1 can be detected in adult NSC in subventricular zones, 
subgranular layer of the dentate gyrus, and in telencephalic ependymal cells, 
albeit the expression level is downregulated probably due to decreased NSC 
numbers in adult brain and spinal cord. Similarly, the expression of Celsr3 is 
drastically reduced postnatally but persists in the central olfactory bulb, rostral 
migration stream, cerebellar granular layer, and the hilus of the dentate gyrus. 
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In contrast, Celsr2 mRNA is heavily expressed in nearly all neural cells 
throughout the whole life (Tissir et al., 2002; Tissir and Goffinet, 2006). Celsr1–
3 are also expressed differently in nonneural tissue, including the skin, lungs, 
kidney, digestive and reproductive systems. Intriguingly, the expression of 
Celsr1–3 in rodent testis is somewhat similar to that in the brain, with Celsr3 
expressed in postmeiotic germ cells, and Celsr1 and Celsr2 in Sertoli cells 
(Beall et al., 2005). 
 
Fig. 9 Celsr1–3 mRNA expression patterns using 32P-labeled riboprobes. A–C, 
Sagittal sections of wild-type E15.5 embryos (A–C) and P0 brains (C–E) hybridized 
with Celsr1 (A, C), Celsr2 (B, D), and Celsr3 (C, E) probes. Arrowheads point to 
ventricular zones, where neural progenitor cells are located, and arrows point to 
the cortical plate where postmitotic cells reside. Scale bar = 1mm.(Tissir et al., 
2002) 
 
INTRODUCTION 
 
  - 43 - 
 
1.3.4 Celsr1 in vertebrate PCP 
Two missense Celsr1 alleles, Celsr1Crsh (nucleotide base: A3126G) and 
Celsr1Scy (T3337A), were first identified in an ethylnitrosourea mutagenesis 
screen (Curtin et al., 2003). Both Celsr1Crsh and Celsr1Scy heterozygotes and 
homozygotes exhibit defective organization of stereocilia bundles in inner ear 
hair cells. Homozygous mutants are embryonic lethal with severe neural tube 
closure defects, especially in the cervical region. Conditional Celsr1f and null 
Celsr1– alleles were generated later in our laboratory. Contrary to 
heterozygous Celsr1Crsh and Celsr1Scy, heterozygous Celsr1+/– animals do not 
show any evident defect, suggesting dominant negative functions of Celsr1Crsh 
and Celsr1Scy mutant proteins. Around 20% Celsr1–/– mutants die at embryonic 
stages with various degrees of neural tube closure defects. In contrast, 80% 
homozygous Celsr1–/– mice do survive after birth with abnormal behaviors such 
as circling and hyperactivity. Most Celsr1–/– mutants exhibit a loop-tail 
phenotype, and some adult mutants exhibit severe skin hair patterning defects 
(Fig. 10A,B). In wild-type mice, body hairs point caudally, and limb hairs distally 
(Fig. 10C). In contrast, in Celsr1–/– mutants, the hairs point more randomly and 
form whorls and crests (Fig. 10D) (Ravni et al., 2009). 
The PCP phenotypes observed in Celsr1 mutants were also observed 
in mutant mice for other PCP genes (Boutin et al., 2012; Tissir and Goffinet, 
2013). Mutation of Vangl2 or Fzd3 and Fzd6 cause defective organization of 
inner hair cells. Mutations of Vangl2, Fzd3 and Fzd6 or both Dvl1 and Dvl2 
result in open neural tube (Fig. 10A). Skin hair patterning defects were 
observed in Fzd6 and Vangl2 mutant mice. All these findings strongly indicate 
that Celsr1 interacts with other core PCP genes to mediate classical PCP 
signaling in mice. 
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Fig. 10 Celsr1 in vertebrate PCP. In contrast to wild-type (A, left), in PCP mutants 
such as Vangl2lp/lp or Celsr1–/–, the neural tubes are open with a loop tail. 
Inactivation of Celsr1 disrupts skin hair patterning. Whorls (arrowheads) and crests 
(arrows) are observed on the body and feet in Celsr1–/– but not in wild-type mice. 
(Ravni et al., 2009; Tissir and Goffinet, 2013) 
1.3.5 Celsr1–3 in ependymal cilia development 
Ependymal cilia that cover the cerebral ventricles harbor complex tufts of 
motile cilia. Ependymal cells are polarized tangentially, and two types of planar 
polarity have been described: 1) translational polarity refers to the coordinated 
asymmetric positioning of the primary cilium in radial glia progenitors, and of 
ciliary patches in mature ependymal cells; and 2) rotational polarity refer to the 
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uniform orientation of individual basal feet within each individual cilia patch in 
each ependymal cell (Fig. 11A,B) (Mirzadeh et al., 2010; Mirzadeh et al., 2008).  
Inactivation of Celsr1 disrupts both the coordinated positioning of the 
primary cilium in radial glia progenitors and the orientation/direction of ciliary 
patches in the ependyma (tissue polarity), demonstrating that Celsr1 controls 
translational and tissue polarity (Fig. 11A–D) (Boutin et al., 2014). By contrast, 
inactivation of Celsr2 does not perturb the tissue polarity but instead results in 
defective ciliogenesis and disrupts rotational polarity, leading to defective 
cerebrospinal fluid dynamics and hydrocephalus (Fig. 11E,F). Compared to 
wild-type, in Celsr2 mutants, ependymal cilia are shorter and the number of 
cilia tufts is reduced. Moreover, the cilia tufts of mutants are less regularly 
oriented, and the orientation of basal feet (rotational polarity) in a single cell is 
dispersed (Fig. 11B,F). Celsr2 and 3 double mutants show a much more 
severe phenotype, finally causing lethal hydrocephalus. This indicates that 
Celsr3 plays a redundant role with Celsr2 in ciliogenesis (Tissir et al., 2010). In 
Fzd3, Vangl2 or Dvl mutants, both translational and rotational polarity was 
disrupted, suggesting that Celsr1 and Celsr2/3 cooperate with core PCP 
proteins to control translational and rotational ependymal polarity, respectively. 
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Fig. 11 Celsr1–3 differentially control ependymal polarity. In P0 wild-type mice, 
the basal feet of the primary cilia in radial glia progenitors (A, red dot) and the 
ciliary patches in mature ependymal cells (B, red and green) are uniformly off-
centered, exhibiting tissue polarity (“translational” polarity), which is disrupted in 
Celsr1–/– (C,D) but not in Celsr2–/–; Celsr3cKO (E,F). Moreover, in adult wild-type, 
individual basal feet within each individual ciliary patch point in the same direction. 
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This uniform orientation, referred to as “rotational” polarity, enables multi-cilia to 
beat in a coordinated manner and to generate a directed fluid flow. Inactivation of 
Celsr2+3 (F) but not Celsr1 disrupts (D) rotational polarity. 
1.3.6 Celsr1–3 in neural migration 
Several studies showed that Celsrs, together with other core PCP proteins, 
control the migration of facial branchiomotor (FBM) neurons in the developing 
hindbrain of zebrafish and mice (Fig. 12) (Bingham et al., 2002; Carreira-
Barbosa et al., 2003; Qu et al., 2010; Tissir and Goffinet, 2013; Wada et al., 
2006). In mice, FBM neurons are generated in hindbrain rhombomere 4 (r4) at 
E9.5-10.5. At E11.5, FBM neurons undergo a caudal tangential migration to r6, 
and then migrate laterally and dorsally in r6 (Fig. 12A,E,I,M). In zebrafish, 
knocking down the expression of core PCP genes by morpholino oligomers, 
including Celsr2, Vangl2, Fzd3a, prickle1a and 1b, leads to defective migration 
of FBM neurons (Bingham et al., 2002; Carreira-Barbosa et al., 2003; Qu et al., 
2010; Tissir and Goffinet, 2013; Vivancos et al., 2009; Wada et al., 2006; Yang 
et al., 2014). Moreover, transplantation experiments, in which cells labeled by 
rhodamine–dextran were extracted from donor embryos and injected into host 
embryos, showed that wild-type FBM neurons failed to migrate caudally in 
Celsr2, Vangl2 or Fzd3a mutant embryos (Jessen et al., 2002; Wada et al., 
2006), indicating that those genes control neuronal migration in a non-cell-
autonomous manner. By contrast, the migration of Celsr2 or prickle1b mutant 
FBM neurons was impaired in wild-type embryos (Jessen et al., 2002; 
Rohrschneider et al., 2007), suggesting that they can regulate neuronal 
migration cell-autonomously.  
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Fig. 12 Defective FBM neuron migration in Celsr1,2,3 mutant mice. FBM 
neurons are visualized by in situ hybridization of flat-mounted hindbrains with an 
Isl1 riboprobe at E11.5, 12.5 and 13.5. In wild-type (A,E,I and M), FBM neurons 
migrate caudally from r4 to r6 and then laterally and dorsally in r6 to form the nVII 
nucleus. In Celsr1 mutants (B,F,J and N), a subset FBM neurons migrate rostrally 
into r2 and r3 (arrowhead). In Celsr2 or Celsr2+3 mutants, the caudal migration of 
FBM neurons is impaired and they undergo premature migration in r4 –r5, forming 
lateral heterotopias (asterisks). (Qu et al., 2010) 
 
In mice, Celsr1-3 regulate FBM neuron migration differentially (Qu et al., 
2010). Inactivation of Celsr2 affects the migration of FBM neurons severely, 
like in Celsr2 mutant zebrafish. Ceslr2-deficient FBM neurons initiated their 
caudal migration from r4, but stalled and moved prematurely into the 
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dorsolateral r4 and r5 instead of in r6 (Fig. 12C,G,K,O). Caudal migration was 
also drastically affected when Celsr2 was specifically removed in migrating 
neurons using Isl1-Cre, and less severely when Celsr2 was deleted in r3 and 
r5 but not in r4 and migrating neurons by Krox20-Cre. Altogether, these results 
indicate that Celsr2 controls the migration of FBM neurons both cell-
autonomously and non-cell-autonomously. Although Celsr3 seems to control 
both tangential and radial migration of interneurons in the developing mouse 
forebrain (Jia et al., 2014), inactivation of Celsr3 alone did not show any 
defective FBM neuron migration. However, it enhanced the Celsr2 phenotype 
and led to massive death of FBM neurons and reduced size of the facial nerve 
nucleus in Ceslr2 and Celsr3 double mutants (Fig. 12D,H,L,P). A similar 
impaired caudal migration was also observed in Fzd3 and Vangl2 mutants 
(Glasco et al., 2012; Qu et al., 2010), suggest that Celsr2 may interact with 
Fzd3 and Vangl2 to control neuronal migration.  
In contrast to zebrafish, in which knock down of Celsr1a and Celsr1b 
did not generate obvious defects of FBM neuron migration, inactivation of 
Celsr1 in mice strikingly affected the direction of migration (Fig. 12B,F,J,N) (Qu 
et al., 2010). In Celsr1–/– mice, whereas many FBM neurons migrated caudally 
from r4 to r6, a subset exhibited abnormal migration and moved rostrally into r2 
and r3 instead of caudally, where they formed ectopic nuclei. This abnormal 
rostral migration was never observed in other PCP mutants. Ceslr1 is 
expressed specifically in neural progenitors but not in FBM neurons. Consistent 
with this, inactivation of Celsr1 in neural progenitors using Nk6.2::Cre – but not 
in FBM neurons by Isl1::Cre – leads to abnormal rostral migration, indicating 
that Celsr1 is required non-cell-autonomously for FBM neuron migration. 
Furthermore, a similar phenotype was also observed in 
Celsr1Crsh/+ heterozygotes , but not in Celsr1+/– mice (Qu et al., 2010). In 
Celsr1Crsh/Crsh homozygotes, the defective FBM neuron migration was even 
more severe than in Celsr1Crsh/+ heterozygotes, suggesting a dominant 
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negative effect of the Celsr1Crsh mutant protein. One possibility could be that 
Celsr1Crsh mutant proteins are still able to bind to other PCP components and 
prevent them from docking to the membrane and participating in PCP signaling. 
1.3.7 Celsr2 and 3 in axon guidance 
In addition to their functions in neuronal migration, Celsrs/Flamingo control 
dendritic development and axon guidance, from C. elegans and Drosophila to 
mammals (Tissir and Goffinet, 2013). In flies, sensory neurons in the 
hemisegments extend their dendrites dorsally to the midline. In WT animals, 
dendrites from the two sides avoid each other and form a dendrite-free zone 
along the dorsal midline. Flamingo is expressed in these neurons and its 
inactivation leads to the overextension of dorsal dendrites toward the dorsal 
midline. Some mutant dendrites even grow across the dorsal midline and 
invade the contralateral hemisegment (Gao et al., 2000). Moreover, the 
dendritic extension of mushroom body neurons is affected in fmi/stan mutants 
(Reuter et al., 2003), providing further evidence for the function of Flamingo in 
the tiling of dendrites. Intriguingly, the extracellular domain of Flamingo was not 
required for its function in dendrite development, since overexpression of N-
terminally truncated Flamingo, which loses the cadherin, EGF-like, and laminin 
G motifs, can partially rescue the dendritic phenotype in fmi mutant (Kimura et 
al., 2006). Moreover, this phenotype was never observed in frizzled and dsh 
mutant flies, implying a potential unique function of Flamingo in dendrite growth, 
independent of PCP signaling. Ceslr2 and Celsr3 also control dendrite growth 
oppositely in mice. In cultured brain slices, downregulation of Celsr2 and 
Celsr3 leads to opposite phenotypes: downregulation of Ceslr2 leads to 
shortened and less numerous basal dendrites, whereas silencing of Celsr3 
increases the complexity of dendrites in layer V and CA1 pyramidal neurons, 
and Purkinje cells (Shima et al., 2004). 
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Moreover, the dendrite growth of cultured primary neurons is enhanced 
on a substrate covered with Celsr2 expressing A431D cells, and reduced on 
Ceslr3 expressing cells (Shima et al., 2007). These results indicate that Celsr2 
and Celsr3 regulate neurite growth in an opposite manner, through their 
homophilic interactions. Interestingly, opposite functions of Celsr2 and Celsr3 
may result from a single amino acid residue difference in the first intracellular 
loop of the seven-transmembrane domain: both Flamingo and Celsr3 have a 
histidine at position 2413 and are able to repress dendrite growth, while that 
residue is an arginine in Celsr2, which promote the growth of dendrite (Shima 
et al., 2007).  
In addition to dendrite growth, Celsrs/Flamingo regulates axon 
pathfinding (Fig. 13). In Drosophila, inactivation of fmi leads to abnormal 
development of longitudinal axonal tracts in addition to PCP defects, and only 
the axonal defects – not PCP defects – can be rescued by expression of fmi 
cDNA in the brain. In mice, Ceslr3 is crucial for axon guidance. Constitutive 
Ceslr3 mutant mice die soon after birth due to defective ventilation, and exhibit 
striking defects in major axonal tracts, such as the anterior commissure, 
internal capsule, medial lemniscus and corticospinal tract (Fig. 13A) (Tissir et 
al., 2005; Zhou et al., 2008). Celsr3 is also required in the guidance of 
monoaminergic axons along the anterior-posterior axis (Fig. 13B) 
(Fenstermaker et al., 2010) and in the anterior turning of commissural axons 
after midline crossing in the spinal cord (Fig. 13C) (Tissir et al., 2005). In 
addition to the central nervous system, Celsr3 controls axon pathfinding in the 
peripheral and enteric nervous systems (Chai et al., 2014; Sasselli et al., 2013).  
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Fig. 13 Axon guidance defects in PCP mutants. A. Corticosubcortical (red), 
corticothalamic (blue) and thalamocortical (black) axons traverse the basal 
telencephalon in wild-type mice (left) but are stalled when Celsr3 or Fzd3 is 
inactivated in the intermediate targets (yellow) in the ventral forebrain using Dlx5/6-
Cre. B. Ascending serotonergic neurons (B4–B9) project their axons anteriorly, 
while descending neurons (B1–B3) project their axons posteriorly in wild-type mice. 
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In Fzd3–/–, Celsr3–/– and Vangl2lp/lp mice, some ascending serotonergic neurons 
(B4–B9) project their axons posteriorly. In Fzd3–/– and Vangl2lp/lp mice, some 
descending neurons (B1–B3) project their axons anteriorly. C. In the spinal cord, 
commissural axons turn anteriorly after crossing in the midline in wild-type mice. In 
Fzd3–/–, Celsr3–/– and Vangl2lp/lp mice, mutant axons turn randomly. (Tissir and 
Goffinet, 2013) 
Despite the importance of Celsr3 in axon guidance, molecular 
mechanisms are still poorly understood. In most cases, Celsr3 is required cell-
autonomously for axon pathfinding (Tissir and Goffinet, 2013). However, this 
does not apply to the development of the internal capsule where Celsr3 is 
required in intermediate targets, also named guidepost cells, and not in 
neurons of origin (Zhou et al., 2008). All axon guidance defects in Celsr3 
mutant were also observed in Fzd3 mutants, which always exhibit more severe 
phenotypes, and both Celsr3 and Fzd3 are required in the same group of cells 
for the development of axonal tracts (Fig. 13) (Boutin et al., 2012; Hua et al., 
2014; Hua et al., 2013; Lyuksyutova et al., 2003; Tissir and Goffinet, 2013; 
Wang et al., 2002). In transfected cells, Celsr3 co-immunoprecipitates with 
Fzd3 (Chai et al., 2014). All these findings indicate that Celsr3 cooperates with 
Fzd3 to control axon pathfinding.  
Moreover, some axon guidance defects found in Fzd3 and Celsr3 
mutants, such as defective pathfinding of spinal commissural axons (Fig. 13C) 
(Shafer et al., 2011) and brainstem monoaminergic axons (Fig. 13B) 
(Fenstermaker et al., 2010), were also observed in Vangl2Lp/Lp  (Lp: Looptail) 
mice which have a S464N point mutation in Vangl2, suggesting Vangl2 may 
interact with Celsr3 and Fzd3 in axon guidance. However, recent studies with a 
null Vangl1 and a conditional Vangl2 allele challenge this view. In contrast to 
phenotypes in Celsr3 and Fzd3 mutants (Chai et al., 2014; Hua et al., 2014; 
Hua et al., 2013; Qu et al., 2014; Zhou et al., 2008), the anterior commissure, 
thalamocortical, corticothalamic, and corticospinal tracts develop normally in 
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the absence of both Vangl1 and Vangl2 (Qu et al., 2014), and the development 
of the peroneal nerve in the hindlimb is not affected in both constitutive and 
conditional Vangl2 mutants (Chai et al., 2014). This suggests strongly that, 
unlike in planar cell polarity, Ceslr3 and Fzd3 control axon guidance 
independently of Vangl. 
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2. AIM OF THE PROJECT 
In this project, I addressed whether the core PCP proteins Celsr2+3, Fzd3 and 
Vangl2 are involved in axon guidance in the peripheral nervous system. We 
sought to gain a deeper understanding of the molecular mechanisms 
underlying their function in axon guidance, for example, which ligand(s) they 
recognize in guidepost cells and in the extracellular matrix, how they remodel 
cytoskeletal organization in growth cones, and how they interact with other 
guidance signals.  
  
   
 
 
  
RESULTS 
  - 57 - 
 
3. RESULTS 
Previous studies in our laboratory revealed a critical role of Celsr3 in the 
development of major axonal tracts in the central nervous system. Celsr3−/− 
mice exhibited a hindlimb phenotype reminiscent of human clubfoot disease, 
implying a potential role of Celsr3 in the formation of locomotor circuits. 
In this work, I found that Celsr3 cooperates with Fzd3 in spinal motor 
neurons to control the extension of their axons in the dorsal hindlimb. This work 
was published in Nature Neuroscience (Chai et al., 2014) and allowed us to 
draw the following conclusions: 
1. Celsr3 is expressed in postmitotic neurons in the developing spinal cord 
and dorsal root ganglia. 
2. Inactivation of Celsr3 in spinal motor neurons – but not in dorsal root 
ganglia – leads to a reduced or even absent deep peroneal nerve in the 
dorsal hindlimb, loss of innervation of the tibialis anterior muscle, and 
hindlimb paresis in adult mutants. 
3. Inactivation of Celsr3 does not perturb the differentiation of spinal motor 
neurons. The Celsr3-deficient axons of the peroneal nerve segregate from 
those of the tibial nerve but fail to extend dorsally, and they stall distal to 
the branch point. 
4. Celsr3-deficient axons respond to repulsive ephrinA-EphA forward 
signaling and attractive glial cell–derived neurotrophic factor (GDNF). 
5. Celsr3-deficient axons fail to respond to attractive EphA-ephrinA reverse 
signaling in both neurite outgrowth assays and axon turning assays. 
6. In transfected cells, Celsr3 immunoprecipitates with ephrinA2, ephrinA5, 
Ret, GDNF family receptor α1 (GFRα1) and Frizzled3 (Fzd3). 
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7. The function of Celsr3 in motor axon guidance is Fzd3-dependent but 
Vangl2-independent. 
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The cadherin Celsr3 regulates the directional growth and targeting of 
axons in the CNS, but whether it acts in collaboration with or in 
parallel to other guidance cues is unknown. Furthermore, the function 
of Celsr3 in the peripheral nervous system is still largely unexplored. 
Here we show that Celsr3 mediates pathfinding of motor axons 
innervating the hindlimb. In mice, Celsr3-deficient axons of the 
peroneal nerve segregate from those of the tibial nerve but fail to 
extend dorsally, and they stall near the branch point. Mutant axons 
respond to repulsive ephrinA-EphA forward signaling and glial cell–
derived neurotrophic factor (GDNF). However, they are insensitive to 
attractive EphA-ephrinA reverse signaling. In transfected cells, Celsr3 
immunoprecipitates with ephrinA2, ephrinA5, Ret, GDNF family 
receptor 1 (GFR1) and Frizzled3 (Fzd3). The function of Celsr3 is 
Fzd3 dependent but Vangl2 independent. Our results provide 
evidence that the Celsr3-Fzd3 pathway interacts with EphA-ephrinA 
reverse signaling to guide motor axons in the hindlimb. 
 
Introduction 
A crucial event during the development of the nervous system is the 
establishment of complex and precise connections between neurons and 
their targets. This is achieved by a repertoire of repulsive and attractive 
cues that instruct axons when and where to leave, progress forward or turn, 
and where to halt1. An example is the guidance of motor axons projecting 
into the hindlimb. Motor neurons that innervate the hindlimb are located in 
the lateral motor column (LMC) of the lumbar spinal cord and initially send 
their axons through the sciatic nerve. As they reach the base of the limb, 
axons of motor neurons located in the lateral division of the LMC (LMCL) 
turn dorsally and form the peroneal nerve, whereas those from the medial 
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division (LMCM) select a ventral trajectory and form the tibial nerve2-5. Loss- 
and gain-of-function studies in mouse and chicken have shown that 
ephrinA-EphA (hereafter “EphA”) forward signaling is important for the 
segregation of motor axons with dorsal or ventral fates. LMCL EphA4-rich 
growth cones are repelled by ephrinA in the ventral mesenchyme. 
In Epha4 mutant mice, LMCL axons fail to grow dorsally and instead run 
ventrally in the tibial nerve6. Conversely, ectopic expression of EphA4 in 
LMCM neurons reroutes their axons into the dorsal limb7, 8. A further 
complexity is that EphA and ephrinA are coexpressed in both 
LMCL neurons and limb mesenchyme, and their interactions in 
trans generate bidirectional signals9. In addition to the repulsive EphA 
forward signaling, EphAs expressed in dorsal mesenchymal cells bind 
ephrinAs in motor axons and generate an “ephrinA” reverse signaling that 
mediates dorsal attraction of LMCL axons in a Ret-dependent manner10-12. 
Furthermore, analysis of Gdnf, Gfra1 and Ret mutant mice showed that 
GDNF, secreted dorsally to the branching point, binds to GFRα1 and Ret 
on the growth cones of LMCL axons and that this reinforces their dorsal 
fate12, 13. 
Celsr3 is a seven-pass cadherin with known functions in axon 
pathfinding. Celsr3-deficient mice exhibit marked defects in several cortico-
cortical and cortico-subcortical connections, such as the anterior 
commissure, internal capsule and corticospinal tract14, 15. Celsr3 is also 
implicated in guidance of monoaminergic axons along the anterior-posterior 
axis16 and in the anterior turning of commissural axons in the spinal cord17, 18. 
Celsr3 deficiency does not alter axonal growth, but affects axon guidance in 
both cell-autonomous and non-cell-autonomous manners, thus causing 
axon stalling at intermediate targets or rerouting14, 15. 
Notably, Celsr3−/− phenotypes were also observed in mice bearing 
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mutations in the planar cell polarity (PCP) gene Fzd319-21, and errors in 
axon guidance of monoaminergic and commissural neurons were reported 
in mice with the looptail mutation in Vangl2, another PCP gene16, 22. 
Despite its importance in axon guidance in the CNS, the role of 
Celsr3 in the peripheral nervous system (PNS) has not been investigated. 
Moreover, the mechanisms of action of Celsr3 are not completely 
understood. In this work, we show that Celsr3 controls the navigation of 
motor axons innervating the dorsal hindlimb. Inactivation of Celsr3 severely 
perturbed peroneal nerve development. While mutant axons were still able 
to respond to EphA forward signaling and GDNF, they lost responsiveness 
to attractive ephrinA reverse signaling. Physical interactions between 
Celsr3/Fzd3, ephrinAs, Ret and GFRα1 suggest that they belong to the 
same guidance toolbox. 
Results 
Celsr3 mutant mice have a clubfoot–like phenotype  
Celsr3 constitutive knockout (Celsr3−/−) mice exhibited a hindlimb 
phenotype reminiscent of congenital talipes equinovarus, also known as 
clubfoot, in humans. The ankle and the heel were twisted inwardly and the 
sole of the foot was inverted (Fig. 1a). To understand the role of Celsr3 in 
this context, we first studied its expression in the developing limb and the 
lumbar spinal cord usingin situ hybridization. The Celsr3 transcript was 
restricted to postmitotic neurons in the spinal cord and dorsal root ganglia, 
with no signal in the limb bud, suggesting that the contribution of Celsr3 to 
the phenotype is related to its expression in neurons (Fig. 1b,c). 
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Figure 1 Defective hindlimb innervation in Celsr3 mutant mice. (a) Limb 
morphology in wild type (left) and Celsr3−/− (right) newborns. Note the distorted 
ankle and clubfoot in the mutant (arrowheads). (b) Transverse section of an E11.5 
embryo at lumbar level of the spinal cord hybridized with a Celsr3 digoxigenin-
labeled probe. Celsr3 is not expressed in the limb mesenchyme. The experiment 
was performed twice. (c) In situ hybridization of Celsr3 on transverse sections of 
lumbar spinal cord at E11.5. Celsr3 mRNA is expressed in all postmitotic neurons, 
including neurons in medial and lateral motor columns. (d) Picture extracted 
from Supplementary Movie 1. A postnatal day (P) 21 Celsr3f/−;Isl1::Cre mouse 
(top) exhibits stiff hindlimbs (arrowheads) compared to wild type (bottom). (e,f) 
Whole mount of P21 sciatic nerves labeled with Hb9::GFP, from wild type (e) 
andCelsr3f/−;Isl1::Cre (f) mice. (g,h) Hematoxylin and eosin–stained sections of 
tibialis anterior (TA) muscles of P21 wild type (g) and 
paralyzed Celsr3f/−;Isl1::Cre (h) mice. Insets are enlargement of the outlined 
regions (green). The staining was repeated 3 times (n = 3 mice per genotype). (i,j) 
Neuromuscular junctions in the TA muscles of wild type (i) and 
paralyzed Celsr3f/−;Isl1::Cre (j) mice at P0. Motor axons (green) are labeled 
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with Hb9::GFP, and postsynaptic buttons (red) are detected using α-bungarotoxin 
immunofluorescence. The staining was repeated at least 4 times (n = 4 mice per 
genotype). (k,l) Recordings of the compound muscle action potentials from the TA 
muscles of adult wild type (k) and paralyzed Celsr3f/−;Isl1::Cre (l) mice. DRG, 
dorsal root ganglia; SC, spinal cord. Scale bars: 500 μm (b), 100 μm (c,e,i), 1 mm 
(g). Scale bars in e, g and i apply to f, h and j, respectively. 
 
The effect of Celsr3 ablation could be direct, affecting motor 
neurons, or indirect, secondary to defective wiring within the spinal cord, 
with impact on motor neurons' function. To discriminate these possibilities, 
we generated conditional mutants by crossing Celsr3f/− mice, with a loxP-
flanked (floxed; f) allele, with mice expressing the Cre recombinase under 
the control of the following gene promoters: Isl1 (motor neurons and neural 
crest derivatives; Supplementary Fig. 1a–f)23, Olig2 (motor neurons and 
oligodendrocyte lineage; Supplementary Fig. 1g)24 or Wnt1 (sensory 
neurons; Supplementary Fig. 1e)25, 26. Celsr3f/−;Isl1::Cre and Celsr3f/−; 
Olig2::Cre adult mice exhibited defective locomotor behavior, with unilateral 
or bilateral paralysis of the hindlimb (Fig. 1d, Supplementary Movie 
1 and Supplementary Movie 2). In sharp contrast, Celsr3f/−;Wnt1::Cre 
mice never displayed hindlimb abnormalities (Supplementary Fig. 1i; n = 
16 embryos and 20 adults). In Celsr3f/−;Isl1::Cre adult mice, the thickness of 
the sciatic nerve and the number of motor axons were reduced by 44% (Fig. 
1e,f; n = 5; P = 0.0079, Mann-Whitney test). Muscles in the anterior 
compartment, particularly the tibialis anterior, were severely atrophied (Fig. 
1g,h). These muscles control ankle movements, and their dysfunction is a 
recognized cause of clubfoot. We analyzed motor innervation and 
neuromuscular junctions in newborn animals and found that dorsal muscles 
were not innervated (Fig. 1i,j). α-bungarotoxin staining showed a prominent 
increase in the number of postsynaptic receptors, a typical feature of 
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denervated muscles27. We recorded the compound muscle action potentials 
(CMAPs) from tibialis anterior muscles in response to direct supramaximal 
stimuli applied to the sciatic nerve28. In contrast to the wild type CMAP 
responses, characterized by a typical biphasic wave, the CMAPs were 
polyphasic (more than four phases) in the paralyzed mutants, with lower 
amplitudes and prolonged latencies, indicating a collateral reinnervation 
following defective developmental innervation (Fig. 1k,l). 
 
Abnormal peroneal nerve in Celsr3-/- mutant mice  
Lack of innervation of the tibialis anterior muscle in Celsr3 mutant mice 
could have two origins: either motor axons never reach the muscle during 
embryonic development, or they initially do but retract later owing to death 
of motor neurons. To investigate these possibilities, we examined the 
development of the sciatic nerve using neurofilament staining 
and Hb9::GFP (also known as Hlxb9::GFP) labeling at embryonic (E) days 
E11.5 and E12.5. In the wild type, the sciatic nerve first divides into ventral 
and dorsal trunks. The ventral trunk gives rise to the tibial nerve, and the 
dorsal to the common peroneal nerve, which divides further into superficial 
and deep peroneal nerves (Fig. 2a–c). The superficial peroneal nerve 
innervates the lateral and dorsal part of the hindlimb and the dorsum of the 
foot, whereas the deep peroneal nerve innervates muscles of the anterior 
compartment, such as the tibialis anterior and extensor digitorum longus. 
Whereas the tibial nerve was normal in Celsr3−/− embryos, the peroneal 
nerve was thinner in 67% of these embryos than in wild type littermates 
(Fig. 2d–f,j) and severely truncated in the remaining 33% (Fig. 2g–i,j). 
Similar defects were observed in Celsr3f/−;Isl1::Cre and Celsr3f/−;Olig2::Cre, 
but not in Celsr3f/−;Wnt1::Cre embryos (Fig. 2j and Supplementary Fig. 
1h–k). 
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Figure 2 Reduction of dorsal limb innervation in Celsr3 mutant mice. (a–i) Axon 
projections in wild type (a–c) and Celsr3−/− (d–i) embryos. Lateral views of sciatic 
nerve projections revealed by anti–neurofilament 160 staining in wild type (a,b) 
and Celsr3−/− embryos (d,e,g,h) at E11.5 and E12.5. Distal is to the right, dorsal is 
up. In wild type (a,b), the sciatic nerve divides into ventral tibial nerve (TN, 
arrowhead) and the dorsal common peroneal nerve (cPN), which further divides 
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into superficial (sPN, asterisk) and deep (dPN, arrow) peroneal nerves. 
In Celsr3−/− embryos, the peroneal nerve is either thinner (d,e) or severely reduced 
with loss of the most distal branches (g,h). (c,f,i) Dorsal views of the peroneal 
nerve labeled by Hb9::GFP at E12.5. The peroneal nerve is reduced inCelsr3−/− (f,i) 
relative to wild type (c). Distal is right. (j) Incidence of phenotypic severity 
in Celsr2 and Celsr3 mutants. Green, normal; blue, thinning; red, severe reduction. 
Wild type, n = 32; Celsr2−/−, n = 16;Celsr3f/−;Wnt1::Cre, n = 16; Celsr3f/−;Isl1::Cre, 
n = 30; Celsr3f/−;Olig2 ::Cre, n = 20; Celsr3−/−, n = 52; Celsr2−/−;Celsr3−/−, n = 14. (k,l) 
Transverse sections from E11.5 embryos at the level of the lumbar spinal cord and 
hindlimbs, hybridized with a Celsr2 probe. The experiment was performed twice. 
(m,n) Whole-mount neurofilament staining of hindlimbs from Celsr2−/− and 
Celsr2−/−;Celsr3−/− embryos at E12.5. Scale bars: 200 μm (a–c,m); 500 μm (k); 100 
μm (l). Scale bar in a applies to d and g, bar in b toe and h, bar in c to f and i, and 
bar in m to n. 
In the CNS, Celsr2 and Celsr3 have overlapping expression 
patterns and redundant functions29,30. To assess the function of Celsr2 in 
peroneal nerve development, we studied its expression by in 
situ hybridization. Celsr2 was ubiquitously expressed in the lumbar spinal 
cord and dorsal root ganglia (Fig. 2k,l). In Celsr2−/− embryos, the size and 
length of the peroneal nerve were undistinguishable from those of controls, 
and no hindlimb deformity was seen in Celsr2−/− adult mice. However, the 
combined inactivation of Celsr2 and Celsr3 exacerbated the phenotype 
seen inCelsr3−/− mice, increasing the percentage of the truncated form to 
100% (Fig. 2j,m,n). 
Stalling of mutant axons in the dorsal limb 
In Celsr3 mutants, very few, if any, LMCL axons reach their targets. One 
possibility could be that LMCL neurons are not correctly specified. To test 
this hypothesis, we used Isl1 and Foxp1 immunostaining in lumbar spinal 
cord sections. Foxp1 labels neurons of LMCM and LMCL, Isl1 those of the 
medial motor column and LMCM. We compared the total number of LMC 
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neurons, as well as the ratio of LMCL to LMCM, and did not find any 
difference between Celsr3 mutants and controls at E11.5 (Supplementary 
Fig. 2a–c) or E12.5 (Fig. 3a,b; mean LMCL/LMCM ratio 0.9554 in wild type 
and 0.9474 in Celsr3−/−; mean number of LMC neurons 4,673 for wild type 
and 4,771 neurons for Celsr3−/−; 4 embryos for each genotype; P = 0.8571, 
Mann-Whitney test), demonstrating that neurons of the LMCL were correctly 
specified. To test whether LMCL axons were rerouted ventrally, as 
in Epha4, Gdnf, Ret or Gfra1 mutants, we injected rhodamine dextran into 
the tibial nerve. This resulted in back-labeling of LMCM but not LMCL cell 
bodies, showing that LMCL axons did not project in the tibial nerve 
in Celsr3 mutants (Fig. 3c–e, percentage of LMCLneurons labeled 3.433% 
in wild type and 3.597% in Celsr3−/−; 3 wild type, 6 Celsr3−/−; P = 0.7000, 
Mann-Whitney test). We measured the width of the tibial nerve and found 
that it was similar in wild type and mutant embryos (mean widths 64.3 and 
63.6 μm in wild type and Celsr3−/−, respectively). We measured the width of 
the common peroneal nerve and found that it was similar in the two 
genotypes, suggesting that axons of the LMCL reach the proximal part of 
the common peroneal nerve in Celsr3−/− embryos (mean thickness 61.1 μm 
in the wild type and 57.8 μm in Celsr3−/−; Fig. 3f–h). By contrast, the width 
of the deep peroneal nerve was dramatically reduced in Celsr3−/−embryos 
as compared to control littermates (mean thickness 48.8 μm in the wild type 
and 29.7 μm in Celsr3−/−; Fig. 3f–h). 
We crossed Celsr3 mutants to Lhx1tlz mice (also known as Lim1tlz; 
ref. 31) to specifically label LMCL axons and confirmed that those axons do 
not project to the tibial nerve, but stall at the location from which the first 
branch of the peroneal nerve emerges (Fig. 3i,j). Finally, we stained lumbar 
spinal cord sections with cleaved caspase 3 antibodies and did not detect 
any difference between mutants and controls at E11.5 or E12.5 
(Supplementary Fig. 2a,b). At E13.5, the number of apoptotic cells was 
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slightly but significantly higher in Celsr3−/− mice than in controls (Fig. 
3k,l and Supplementary Fig. 2; 2.6-fold increase in mutant, 4 embryos for 
each genotype, P = 0.0054, Mann-Whitney test). Consistent with this 
finding, the total number of LMC neurons was lower in mutants than in wild 
type embryos. Cell death occurred mostly in LMCL, which led to a reduced 
LMCL/LMCM ratio (Supplementary Fig. 2d). In Celsr2−/−;Celsr3−/− double 
mutants, the number of apoptotic cells was higher than in wild type 
and Celsr3−/− mice (Supplementary Fig. 2e–g). Taken together, these 
results show that LMCL motor axons reach the dorsoventral bifurcation of 
the sciatic nerve and segregate from axons of the tibial nerve, but do not 
form the deep peroneal nerve. Therefore, they cannot innervate target 
muscles, and they most likely retract and degenerate because of lack of 
target-derived growth factors. 
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Figure 3 Celsr3-deficient LMCL axons fail to extend in the dorsal limb. (a,b) 
Transverse sections of lumbar spinal cord at E12.5 from wild type (a) 
and Celsr3 mutant embryos (b), stained with Foxp1 (green) and Isl1 (red) 
antibodies. LMCL neurons are Foxp1-positive and Isl1-negative, whereas 
LMCM neurons are Foxp1- and Isl1-positive. The staining was repeated 4 times 
(n = 4 embryos per genotype). (c,d) Injection of rhodamine dextran (red) into the 
ventral tibial nerve labels selectively LMCM neurons (Hb9 GFP, green; Isl1-positive, 
blue) in wild type (c) and Celsr3−/− (d) E13.5 embryos. The staining was repeated 
at least 6 times (n = 6 embryos for Celsr3−/− and 3 for wild type). (e) Schematic 
view of the developing limb showing the site of injection of rhodamine dextran near 
the extremity of the ventral nerve. (f) Schematic drawing of the sciatic nerve at 
E11.5 and E12.5. Three positions were selected to measure the width: deep 
peroneal nerve (dPN), common peroneal nerve (cPN) and tibial nerve (TN). (g,h) 
Quantification of the nerve width at E11.5 (g) and E12.5 (h). cPN and TN were not 
affected in Celsr3−/− embryos (E11.5, 8 wild type and 16 mutants, P = 0.1921 for 
cPN and 0.8111 for TN; E12.5, 12 wild type and 10 mutants, P = 0.0685 for cPN, 
and 0.0608 for TN). The deep peroneal nerve was significantly reduced 
in Celsr3−/− embryos (E11.5, 8 wild type and 16 mutants, P = 0.0019; E12.5, 12 
wild type and 10 mutants, P < 0.0001, unpaired t-test; error bars are mean ± 
s.e.m.). (i,j) Whole mount β-galactosidase staining of hindlimbs 
from Lhx1tlz/+;Celsr3+/+ (i) and Lhx1tlz/+;Celsr3−/− (j) E12.5 embryos. Note the severe 
reduction of the deep peroneal nerve on the left and its absence on the right side of 
the mutant embryo (asterisks; the staining was repeated at least 8 times). (k,l) 
Cleaved caspase 3 (green) and Isl1 (red) immunostaining on lumbar spinal cord 
transverse sections from E13.5 wild type (k) and Celsr3−/− (l) embryos. The staining 
was repeated at least 4 times (n = 4 embryos per genotype). Scale bars: 50 μm 
(a,c,k); 200 μm (f,i). Scale bars in a, c, i and k apply to b, d, j and l, respectively. 
 
Mutant axons are insensitive to ephrinA reverse signaling 
When LMCL axons reach the limb bud, they encounter a variety of cues that 
guide them to their targets in the dorsal limb. EphA forward signaling 
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(EphA4 in the growth cone and ephrinAs in the ventral mesenchyme) 
prevents them from invading the ventral limb, whereas ephrinA reverse 
signaling (ephrinA2 and ephrinA5 in growth cones; EphA3, EphA4 and 
EphA7 in the dorsal mesenchyme) and GDNF attract them to the dorsal 
limb. We analyzed the expression of several axon guidance molecules in 
the spinal cord and hindlimb and did not find any difference between wild 
type and mutant embryos (Supplementary Fig. 3a–r). We studied the 
behavior of Celsr3-deficient LMC axons using in vitro assays. We isolated 
LMC from Hb9::GFP transgenic embryos at E12.5 and cultured dissociated 
neurons or explants on laminin-coated coverslips. We did not find any 
difference between wild type and Celsr3−/− mutants in terms of neuronal 
survival or neurite outgrowth, suggesting that Celsr3 is not essential to 
these processes (Supplementary Fig. 4a–g). We then plated explants on 
coverslips printed with alternating stripes of IgG-Fc/IgG-Fc (human IgG1 Fc 
fragment) or IgG-Fc/ephrinA5-Fc (human ephrinA5 fused with human 
IgG1 Fc fragment). GFP-positive LMC axons from both wild type 
and Celsr3−/− embryos grew preferentially on IgG-Fc stripes and avoided 
the ephrinA5-Fc stripes (Fig. 4a–d). 
In Gdnf, Ret or Gfra1 mutant mice, innervation of the cutaneus 
maximus and latissimus dorsi back muscles by brachial motor axons is 
completely lost, showing that the interaction between GDNF, secreted by 
mesenchymal cells, and Ret and GFRα1 in the growth cone is essential to 
this process12, 32. To probe whether Celsr3, which is expressed in all motor 
neurons, is implicated in the response of motor axons to GDNF, we 
examined brachial motor axon projections in Celsr3−/−;Hb9::GFP embryos. 
At E12.5, these projections were similar to those in wild type littermates 
(Supplementary Fig. 5a,b). We also analyzed the response of lumbar 
motor axons to a point source of GDNF. Compared to BSA, GDNF 
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triggered a strong axonal growth in wild type and Celsr3-deficient explants 
alike, suggesting that Celsr3 is dispensable in motor axons for the 
response to GDNF (Fig. 4e–h). Taken together, these data show that loss 
of Celsr3 function does not alter the responsiveness of LMC axons to the 
repulsive effect of EphA forward signaling or to GDNF. 
To assess the response of Celsr3-deficient LMC axons to attractive 
ephrinA reverse signaling, we cultured LMC explants on coverslips coated 
with either clustered IgG-Fc or EphA7-Fc, together with a low concentration 
of laminin (5 μg/ml)4, 10. With both wild type and Celsr3−/− explants, axonal 
growth was limited on IgG-Fc substrate (Fig. 4i,k). Remarkably, EphA7 
enhanced axonal outgrowth only in wild type and not in Celsr3−/− explants 
(Fig. 4i–m; fold induction of axon outgrowth by EphA7-Fc versus IgG-Fc: 
2.73 for wild type and 1.36 for Celsr3−/−; n = 73 explants on IgG and 70 on 
EphA7 from 6 wild type embryos, n = 42 explants on IgG and 39 on EphA7 
from 3 Celsr3−/− embryos; P < 0.0001, wild type versus mutant, Mann-
Whitney test). To further investigate the requirement of Celsr3 in the 
response to ephrinA reverse signaling, we used a Dunn chamber growth 
cone turning assay12, 33. Motor neurons were dissected from lumbar LMC 
and cultured on laminin-coated coverslips to allow initial axonal growth. 
Coverslips were then inverted in Dunn chambers in which GDNF and 
EphA7-Fc were added to the outer well to generate a gradient across the 
bridge (inner-well-low to outer-well-high gradient) (Fig. 5). We measured 
the initial angle (α) between the direction of the axon and that of the 
gradient and, after 2 h in culture, the turning angle (β) between the initial 
and final direction of the axon. Turning angles are considered positive when 
axons grow toward the outer well and negative when they grow toward the 
inner well. As previously reported12, GNDF or EphA7-Fc alone had no effect 
on directional growth, but their combination produced a significant attraction 
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of wild type motor axons (Fig. 5b–g). In contrast, this attraction was 
completely lost for LMC neurons isolated from Celsr3−/− embryos (Fig 
5c,h and Supplementary Fig. 6a,b,e). Importantly, mutant axons were still 
attracted by hepatocyte growth factor, a known positive cue in turning 
assay33 (Supplementary Fig. 6c–e), demonstrating that Celsr3 is required 
in the growth cones to perceive the attractive effect of ephrinA reverse 
signaling. 
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Figure 4 Celsr3-deficient LMC axons respond to GDNF and forward signaling but 
not to reverse signaling. (a–c) Stripe assay with LMC explants (Hb9::GFP-positive). 
(a) wild type LMC motor axons on IgG-Fc/IgG-Fc stripes. (b) wild type LMC motor 
axons on IgG-Fc/ephrinA5-Fc alternating stripes. (c) Celsr3-deficient LMC motor 
axons on IgG-Fc/ephrinA5-Fc alternating stripes. (d) Ratio of LMC motor axon 
growth on the first and second stripes (n = 4, 6 and 8 for first, second and third 
columns; **P < 0.01, P = 0.0022 for wild type and P = 0.0011 for Celsr3−/−, 
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unpaired t-test versus wild type on IgG/IgG). Wild type and Celsr3 mutant axons 
were similarly repelled by ephrinA5. (e–g) Bead attraction assay (e). Illustration of 
bead placement lateral to the E12.5 lumbar spinal cord explant. Wild type (f) 
and Celsr3−/− mutant (g) motor axons grew preferentially toward GDNF. (h) 
Relative right to left ratio of motor axons outgrowth when subjected to BSA from 
both sides (BSA/BSA, n = 6 embryos), or to GDNF (right) and BSA (left). GDNF 
potentiated axonal growth equally in the wild type (n = 10) and Celsr3 mutants (n = 
12 embryos);**P = 0.0043 for wild type and 0.0044 for Celsr3−/−; ns, not 
significant: P = 0.5887; Mann-Whitney test. (i–l) Axon outgrowth on IgG-Fc (i,k) 
and EphA7-Fc (j,l) of LMC explants isolated from wild type (i,j) andCelsr3 mutants 
(k,l). (m) Quantification of axon growth from wild type and Celsr3 mutant LMC 
explants relative to wild type on IgG-Fc. n = 73 explants on IgG and 70 on EphA7 
from 6 wild type embryos, n = 42 explants on IgG and 39 on EphA7 from 
3 Celsr3−/− embryos, ***P < 0.0001, wild type versus Celsr3−/−on IgG-Fc; ns, P = 
0.6568, Celsr3−/− on IgG-Fc versus Celsr3−/− on EphA7-Fc and P = 0.1811; Mann-
Whitney test. Error bars in d,h,m are mean ± s.e.m. Scale bars, 100 μm (a,f,i). 
Scale bar in a applies to band c, bar in f to g, and bar in i to j–l. 
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Figure 5 Celsr3 is required for attraction of LMC axons by EphA7 and GDNF in the 
axon turning assay. (a) Lateral and top views of the Dunn chamber. EphA7 and/or 
GDNF are added to the outer well to form a gradient across the bridge. (b) 
Examples of control LMC motor axons growth (labeled with Hb9::GFP) from the 
starting point (0 min) to the end of experiment (120 min). Axons turn toward the 
EphA7-Fc and GDNF source, but not toward IgG-Fc. (c) Angle turned β (mean ± 
s.e.m.) of wild type, Celsr3−/− andFzd3−/− motor axons in different conditions. ns, P > 
0.05; ***P < 0.001. P = 0.8486, wild type in EphA7-Fc gradient; P = 0.6119, wild 
type in GDNF gradient; P < 0.0001, wild type in EphA7-Fc plus GDNF gradient; P = 
0.8183, Celsr3−/− in EphA7-Fc+GDNF gradient; P = 0.3077, Fzd3−/− in EphA7-Fc 
plus GDNF gradient; unpaired t-test versus Wild type in IgG-Fc gradient. (d–i) 
Scatter plots of turned angles β versus initial angles α (5° < α < 175°) in the 
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indicated conditions. Wild type motor axons: IgG-Fc, n = 63; EphA7-Fc, n = 52; 
GDNF, n = 69; EphA7-Fc plus GDNF, n = 83. Celsr3−/− motor axons: EphA7-Fc 
plus GDNF, n = 100. Fzd3−/− motor axons: EphA7-Fc plus GDNF, n = 60. 3 
independent experiments were performed for each condition. Scale bar, 10 μm. 
Interactions between Celsr3 and ephrinA reverse signaling 
Mutations in Epha4 or Celsr3 result in abnormalities of the peroneal nerve, 
and Celsr3 is necessary in the growth cones to elicit the attractive effect of 
ephrinA reverse signaling. To test potential interactions between Epha4 
and Celsr3, we crossed Epha4+/−;Celsr3+/− double heterozygotes and 
analyzed the peroneal nerve projections of the progeny. The severity of the 
phenotype varies between the different Epha4 mutant alleles13. In our 
crosses, Epha4−/− embryos had thinner but not truncated peroneal nerves 
(Fig. 6a,c,e). We did not observe any defects in Celsr3+/−;Epha4+/−(Fig. 6b,e) 
or Celsr2+/−;Celsr3+/−;Epha4+/− (Supplementary Fig. 7a,b,e) mice. By 
contrast, the Celsr3 phenotype was exacerbated when one or both copies 
of Epha4 were mutated (mean thickness of the deep peroneal nerve ± 
s.e.m.: 47.6 ± 1.38 μm in wild type (n = 12), 47.4 ± 0.83 μm 
in Celsr2+/−;Celsr3+/−; Epha4+/− (n = 14), 31.6 ± 0.81 μm in Epha4−/− (n = 22), 
16.5 μm ± 1.65 inCelsr3−/− (n = 20), 12.8 μm ± 0.97 in Celsr3−/−;Epha4+/− (n = 
18) and 10.2 ± 0.88 μm in Celsr3−/−;Epha4−/− (n = 12); Fig. 6c–e and 
Supplementary Fig. 7a–e). These results suggest that Celsr3 and Epha4 
cooperatively control the pathfinding of motor axons that innervate the 
dorsal hindlimb. 
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Figure 6 Interactions between Celsr3 and EphA-ephrinA signaling. (a–d) Lateral 
views of sciatic nerves stained by anti–neurofilament 160 in wild type 
(a), Epha4+/−;Celsr3+/− (b), Epha4−/− (c) and Epha4−/−;Celsr3−/− (d) embryos at E12.5. 
Arrows, peroneal nerve; arrowheads, tibial nerve. (e) Incidence of different 
phenotypes in wild type and mutant mice: green, normal; blue, thinning; red, severe 
reduction. Epha4+/−;Celsr3+/−, n = 20; Epha4−/−, n = 30; Celsr3−/−, n= 
52; Epha4−/−;Celsr3−/−, n = 10. (f) Coimmunoprecipitation (IP) of Myc-ephrinA2 or 
Myc-ephrinA5 and Celsr3-eGFP in transfected HEK293T cells. Upon IP with anti-
Myc, western blotting (WB) showed an interaction between Celsr3-eGFP and Myc-
ephrinA2 or Myc-ephrinA5. Arrow, IgG light chain. Full-length blots are shown 
in Supplementary Figure 11. Scale bar, 200 μm. 
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In addition to their expression in the ventral limb, where they serve 
as ligands for EphA forward signaling, ephrinA2 and ephrinA5 are also 
expressed in LMCL axons, where they behave as receptors for EphAs 
expressed in dorsal mesenchyme. To investigate whether Celsr3 interacts 
physically with ephrinA2 or ephrinA5, we transfected HEK293T (human 
embryonic kidney) cells to express Celsr3-GFP alone, Celsr3-GFP plus 
Myc-ephrinA2, or Celsr3-GFP plus Myc-ephrinA5. We used anti-Myc 
antibodies for immunoprecipitation and anti-GFP for western blotting. When 
Celsr3 was transfected to express either ephrinA2 or ephrinA5, Celsr3-GFP 
was detected in immunoprecipitates (Fig. 6f). By contrast, no Celsr3-GFP 
signal was seen in absence of ephrinAs (Fig. 6f). This indicates that Celsr3 
is able to interact physically with ephrinA2 and ephrinA5 in vitro, an 
interaction that may underlie the functional cooperation in vivo. 
 
LMCL axons are defective in Fzd3 but not in Vangl2 mutants 
In the developing nervous system, Fzd3 and Celsr3 are essential for axon 
guidance18, 21. Fzd3−/−and Celsr3−/− mice have common defects in major 
axonal tracts such as the anterior commissure, internal capsule, medial 
lemniscus and corticospinal tract14, 19. Furthermore, Celsr3−/−, Fzd3−/− and 
Vangl2Lp/Lp mutant mice exhibit errors in axon projections of monoaminergic 
neurons in the brainstem and commissural interneurons in the spinal 
cord16, 22, 34. We studied Fzd3 and Vangl2expression and found that it 
overlapped that of Celsr3 in the lumbar spinal cord (Fig. 7a–d). We 
generated new Fzd3 alleles using the knockout first (ko) construct from 
EUCOMM (http://www.sanger.ac.uk/mouseportal/search?query=fzd3) 
(Supplementary Fig. 8a–c). RT-PCR amplification and sequencing 
showed that three different mRNA isoforms were produced inFzd3ko/ko mice 
(Supplementary Fig. 8a). In the first isoform, the engrailed-2 (En2) splice 
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acceptor is ignored, leading to the production of a wild type transcript. In 
the second, the En2 lacZ fusion cassette, inserted in intron 2, is transcribed 
as anticipated. In the third, a cryptic splice donor in theEn2 exon results in 
the inclusion of a 115-nucleotide exon in the wild type mRNA downstream 
of exon2 (Supplementary Fig. 8d), leading to a reading frame shift. We 
analyzed projections of motor axons in Fzd3−/− and Vangl2−/− embryos, as 
well as the limb morphology and locomotor behavior in Fzd3ko/ko, 
Fzd3f/−;Isl1::Cre and Vangl2f/−;Isl1::Cre mice. Vangl2 null mutants were 
derived from the floxed allele35. In contrast to Fzd3−/− animals, which die at 
birth19, a small proportion ofFzd3ko/ko mice survived for a few weeks, 
showing that the ko allele behaves as a hypomorphic allele. 
Surviving Fzd3ko/ko mice had a looping tail and paralyzed hindlimbs (Fig. 
7e and Supplementary Movie 3), suggesting that Fzd3 is important for 
hindlimb innervation. 
To investigate this further, we removed the lacZ-neo cassette and 
used the resulting conditional allele, in which exon 3 is flanked by loxP sites 
(Fzd3f), to generate Fzd3−/− and Fzd3f/−;Isl1::Cre mice (Supplementary Fig. 
8b,c). Neurofilament staining of whole-mount Fzd3−/− embryos showed that 
the peroneal nerve was truncated in all embryos examined (Fig. 7g,h; n = 
48). Fzd3-deficient axons failed to respond to the combination of GNDF 
and EphA7-Fc in the growth cone turning assay (Fig. 5c,i) and to EphA7-
Fc in the axon outgrowth assay (fold induction of axon outgrowth by 
EphA7-Fc versus IgG-Fc: 2.73 in wild type and 1.13 in Fzd3−/−; n = 73 
explants on IgG and 70 on EphA7 from 6 wild type embryos, n = 37 
explants on IgG and 35 on EphA7 from 3 Fzd3−/−embryos; P < 0.0001, wild 
type versus mutant, Mann-Whitney test). Fzd3f/−;Isl1::Cre mice exhibited 
hindlimb deformities and reduced deep peroneal nerves (Fig. 
7f and Supplementary Fig. 8e,h,j). In sharp contrast to Celsr3 and Fzd3 
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mutant mice, Vangl2f/−;Isl1::Cre mice did not display any motor deficit or 
hindlimb malformation, and Vangl2−/− embryos did not show any 
abnormality in the peroneal nerve (Fig. 7g,i; deep peroneal mean width 
39.9 μm in wild type and 40.1 μm inVangl2−/−, n = 12). We 
analyzed Celsr3+/−;Fzd3+/− and Celsr2+/−;Celsr3+/−; Fzd3+/− heterozygous 
embryos and did not observe any reduction in the deep peroneal nerve at 
E12.5 (n = 16 and 10 embryos for Celsr3+/−; Fzd3+/− and Celsr2+/−; 
Celsr3+/−;Fzd3+/−; Supplementary Fig. 8e–j). 
In HEK293T cells, Fzd3 immunoprecipitated with Celsr3 (Fig. 7j), 
ephrinA2 and ephrinA5 (Fig. 7k). However, we did not detect interactions 
between Vangl2 and ephrinA2 or A5 (Supplementary Fig. 9a). Given the 
synergistic function of EphA-ephrinA reverse signaling and GDNF-GFRα1 
signaling integrated by Ret12, we tested the physical interactions between 
Celsr3, Fzd3, Ret and GFRα1. We found that both Celsr3 and Fzd3 
coimmunoprecipitated with Ret and GFRα1 in transfected cells 
(Supplementary Fig. 9b,c). In contrast, we did not detect positive 
interactions between Celsr3/Fzd3 and EphA7 (Supplementary Fig. 9d,e). 
Taken together, these results suggest the existence, in the growth cones of 
lumbar motor neurons, of a complex that contains ephrinAs, Ret, GFRα1, 
Celsr3 and Fzd3. 
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Figure 7 Peroneal nerve projections are Fzd3 dependent and Vangl2 independent. 
(a–d) Transverse sections of E11.5 embryos at the level of the lumbar spinal cord 
and hindlimbs, hybridized with digoxigenin-labeled Fzd3 (a,b) or Vangl2 (c,d) 
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probes. The experiment was performed twice. (e) Fzd3ko/ko mouse with stiff 
hindlimbs and looptail phenotype. (f) Fzd3f/−;Isl1::Cre mouse with stiff hindlimbs. 
(g–i) Lateral views of sciatic nerve revealed by anti–neurofilament 160 staining at 
E12.5, in wild type (g, n = 32), Fzd3−/− (h, n = 48) and Vangl2−/− (i, n = 12) embryos. 
Arrows, peroneal nerve; arrowheads, tibial nerve. (j,k) Coimmunoprecipitation (IP) 
assays between Celsr3 and Fzd3-eGFP (j) and Myc-ephrinA2 or Myc-ephrinA5 
and Fzd3-eGFP (k) in transfected HEK293T cells. Fzd3-eGFP interacted with 
Celsr3, Myc-ephrinA2 and Myc-ephrinA5. Arrow, IgG light chain; WB, western blot. 
Full-length blots are shown in Supplementary Figure 11. Scale bars: 500 μm (a,c); 
100 μm (b,d); 200 μm (g–i). 
 
Discussion 
Inactivation of Celsr3 in motor neurons impaired the extension of 
LMCL axons into the dorsal hindlimb and led to defective innervation of 
dorsal muscles, congenital clubfoot and stiffness of the limb. Celsr3 is 
expressed in motor neurons but not in the limb mesenchyme. Therefore, 
Celsr3-mediated homophilic interactions between growth cones of 
LMCL neurons and mesenchymal cells are unlikely. The expressivity of 
the Celsr3 phenotype was enhanced when Celsr2 was similarly mutated, 
and a similar high expressivity was observed in Fzd3 mutants. These 
results provide evidence that Celsr3 and Fzd3 cooperatively regulate axon 
guidance in the PNS, as they do in CNS14, 19 and enteric nervous system36. 
The LMCL axon projection and hindlimb phenotypes were not seen 
in Vangl2−/− mice, suggesting that Vangl2 is dispensable for guidance of 
motor axon. This was unexpected because, like Celsr3 and Fzd3, Vangl2 is 
a core PCP gene, implicated in guidance of spinal commissural and 
hindbrain monoaminergic axons in the brainstem16, 22. A possible 
explanation may be the dominant negative activity or the gain of function 
associated with the looptail (Lp) mutation used in the latter studies. 
The Vangl2Lp allele encodes a mutated protein that may interfere with the 
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function of the endogenous Vangl2 and/or with other components of PCP 
signaling37. 
Like Celsr3 mutants, Epha4-deficient mice have locomotor defects 
and abnormal development of the corticospinal tract and anterior 
commissure38. In addition, the different Epha4 mutant alleles have variable 
penetrance of the hindlimb phenotype6, 13. Paralysis of muscles of the 
anterior compartment is caused by ventral rerouting of Epha4 mutant 
LMCL axons, which follow LMCMaxons into an enlarged tibial nerve. The 
ventral extension of mutant LMCL motor axons, which normally express 
high levels of EphA46,7,39,40, is attributed to their incapability to respond to a 
repulsive signal from the ventral limb triggered by ephrinAs6. A similar thin 
peroneal nerve with aberrant ventral rerouting of LMCL axons is also seen 
in mice with defective GDNF-Ret-GFRα1 signaling13, 33. Notably, the Celsr3 
phenotype was reminiscent of, yet different from, the Epha4 or Ret 
phenotype: Celsr3 mutant axons stalled at the branching point of the 
peroneal nerve, but never grew ventrally. Consistent with this, Celsr3 
mutant axons were repelled by ephrinA2 and ephrinA5 in stripe assays, 
exactly like their wild type counterparts. Despite phenotypic differences, the 
defective peroneal nerves in Celsr3, Fzd3, Epha4 and Ret mutants, and the 
increased penetrance of the peroneal nerve phenotype in Celsr3−/−; 
Epha4+/− and Celsr3−/−;Epha4−/− (this study) or Epha4−/−;Ret−/−13 double 
mutants, suggest that some underlying mechanisms may be shared. 
Analysis of Epha4 mice, on the one hand, and Ret or Gdnf mice, on 
the other hand, led to the conclusion that, in addition to EphA4 forward 
signaling that repels LMCL from the ventral limb, other cues attract them 
dorsally. These axons are sensitive to branching and attractive signals from 
dorsal mesenchyme mediated by GDNF and ephrinA reverse signaling4, 10-
13, 33. Ret in motor axon growth cones is believed to integrate signals 
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generated by secreted GDNF and EphA on the surface of dorsal limb 
mesenchymal cells, thereby acting as a coincidence detector12. The 
segregation of ephrinA and EphA in distinct membrane microdomains 
allows the coexistence of forward and reverse ephrin-Eph signaling in the 
same growth cone10. There are five ephrinA and nine EphA genes, and 
many are expressed in motor neurons and mesenchymal cells. Therefore, 
functional redundancy hampers a direct genetic testing of the relative 
importance of different EphAs and ephrinAs, and of the respective 
contributions of EphA forward and ephrinA reverse signaling to the hindlimb 
innervation. Nevertheless, an important finding is that, in axon outgrowth 
and turning assays, Celsr3 and Fzd3 mutant axons, unlike wild type 
axons11, 12, were indifferent to ephrinA reverse signaling (Supplementary 
Fig. 10a,b). The fact that Celsr3, Fzd3 and Ret immunoprecipitate with 
ephrinAs suggests that these components form a signaling complex 
(Supplementary Fig. 10c). A key function of Celsr proteins and Fzd3 could 
be to organize, together with ephrinAs, membrane microdomains and 
thereby enable axon growth cones to resolve multiple, sometimes opposing 
signals. 
In humans, clubfoot is a frequent developmental disorder affecting 
more than 1 in 1,000 live births. Its incidence varies with the ethnic group41-
43. Family history and the higher concordance for clubfoot in monozygotic 
than dizygotic twins provide evidence for a genetic contribution to the 
pathology. Clubfoot can be idiopathic (when limb deformity occurs in 
isolation) or syndromic (associated with other malformations). Syndromic 
clubfoot is often associated with neurological and neuromuscular disorders, 
such as abnormal nerve conduction and spina bifida44. 
While PITX1 andTBR4, two transcription factor genes whose mouse 
orthologs are expressed exclusively in the hindlimb, may be associated 
with idiopathic clubfoot43, no genes have been clearly implicated in 
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syndromic forms as yet. Our results suggest that CELSR3 and FZD3 may 
be candidates. Hypomorphic mutations, such as the Fzd3ko allele described 
here in mice, are compatible with life and may lead to subtle neurological 
abnormalities and clubfoot. 
Methods 
Mutant mice. All animal procedures were carried out in accordance with 
European guidelines and approved by the animal ethics committee of the 
Université catholique de Louvain. Celsr2, Celsr3, Isl1::Cre,Wnt1::Cre, 
Olig2::Cre, Vangl2, and Epha4 mutant mice were described previously 
14, 15, 23, 24, 35,38, 45. Hb9::GFP mice were purchased from Jackson 
Laboratory. Fzd3 mutants were generated as described in Supplementary 
Figure 8. 
In situ hybridization. Plasmids containing cDNA fragments of Celsr2, 
Celsr3, Fzd3 or Vangl2 were labeled using digoxigenin, as described 
previously46. Cryostat sections at the level of the lumbar spinal cord and 
hindlimbs were prepared from E11.5 and E12.5 embryos. They were 
treated with 1 μg/ml proteinase K in 0.1 M Tris-HCl, pH 8 and 10 mM EDTA, 
rinsed in DEPC-treated water and acetylated for 10 min at room 
temperature in 0.25 M acetic anhydride, 0.1 M triethanolamine. Slides were 
incubated overnight at 65 °C in a humidified chamber with denatured 
probes (1 μg/ml) in hybridization solution (50% formamide, 10% dextran 
sulfate, 0.3 M NaCl, 20 mM Tris-HCl, pH 7.5, 5 mM EDTA, 1× Denhardt's 
solution, 0.6 mg/ml yeast tRNA and 0.1% SDS). Slides were washed for 30 
min at 65 °C in 50% formamide, 2× SSC, rinsed in 2× SSC, and treated for 
1 h at 37 °C with 1 μg/ml RNase A in NTE buffer (0.5 M NaCl, 10 mM Tris-
HCl pH 7.5, 5 mM EDTA). Slides were washed in 2× SSC and 0.2× SSC at 
65 °C for 1 h each, blocked with 20% sheep serum and incubated overnight 
with alkaline phosphatase–coupled digoxigenin antibodies (1/2,000; Roche, 
11093274910). Illustrations were prepared and edited with Adobe 
Photoshop. 
Retrograde tracing. E12.5 or E13.5 embryos were eviscerated and 
cultured in DMEM/F-12 (Invitrogen), gassed with 95% O2/5% CO2 at 30 °C. 
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Tetramethylrhodamine-conjugated lysine fixable dextran (3,000 MW, 50%, 
Invitrogen, D3308) was injected in the stump of the ventral tibial nerve, 
visualized with Hb9::GFP, after severing with microscissors. Embryos were 
cultured for ~6 h at 30 °C, fixed in 4% PFA and then cryosectioned for 
immunostaining. 
Stripe assay. Stripes of ephrin-A5-Fc (R&D Systems, 374-EA) or IgG-Fc 
(R&D Systems, 110-HG) were printed on coverslips as reported in ref. 47. 
The coverslips were first coated with poly-D-lysine (PDL, 1 mg/ml, Sigma) 
and then with proteins (10 μg/ml) clustered by Cy3-conjugated anti–human 
Fc antibody or nonconjugated antibody (2:1, Jackson ImmunoResearch, 
109-165-098 and 109-005-098), using a stripe-coating silicone matrix (M. 
Bastmeyer, Karlsruher Institute of Technology, Germany). Coverslips were 
coated with laminin (100 μg/ml, Invitrogen, 23017-015). LMC motor 
explants were dissected as described48. They were cultured on printed 
coverslips in MN medium (Neurobasal medium with B27, 2 mM Glutamax, 
25 μM L-glutamic acid, 100 units/ml penicillin and 100 μg/ml streptomycin, 
Invitrogen), for 20 h, with 10 ng/ml GDNF (R&D Systems, 512-GF). 
Dunn chamber assay. Dunn chamber assays were performed as 
described33. Briefly, LMC motor neurons were dissected and dissociated 
with 0.025% trypsin in L15 medium. Motor neurons were seeded on 
coverslips coated with PDL and laminin (50 μg/ml) and cultured in MN 
medium for 4 to 5 h. The Dunn chamber (Hawksley & Sons Ltd., UK) was 
assembled as fast as possible. Control MN medium in the outer well was 
exchanged for MN medium containing hepatocyte growth factor (50 ng/ml, 
2207-HG), GDNF (200 ng/ml) or EphA7-Fc (5 μg/ml, 608-A7) clustered by 
anti-human Fc antibody (5:1), or GDNF and EphA7-Fc together. Images 
were captured at culture time zero and once again after 2 h in culture, using 
an inverted fluorescence phase contrast microscope (Zeiss). 
Neurite outgrowth assay. 30 μg/ml EphA7-Fc or 10 μg/ml IgG-Fc (R&D 
Systems) was preclustered by 6 μg/ml anti-human Fc antibodies for 1 h at 
room temperature, and then mixed with 5 μg/ml laminin. PDL precoated 
coverslips (BD Biosciences, 354086) were coated for 3–5 h at 37 °C before 
use. E12.5 LMC motor explants were dissected, transferred to the coated 
coverslips, and cultured in MN medium at 37 °C for ~15 h. 
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Bead attraction assay. The bead attraction assay was performed as 
described12. Lumbar spinal cord was dissected and flattened in an open-
book preparation from E12.5 Hb9::GFP-positive embryos. The caudal half 
was embedded in a rat tail collagen (50 μl):Matrigel (30 μl) mix (BD 
Biosciences) after removing the lateral, nonfluorescent part (keeping the 
left and right motor columns and the floor plate). Affi-Gel blue agarose 
beads (Bio-Rad) soaked with 1 μg/ml GDNF or BSA (4 °C overnight) were 
placed lateral to the explants in the gel. The explants were cultured in MN 
medium at 37 °C for ~15–20 h. 
Culture of spinal motor neurons. LMC motor neurons were dissociated 
from E12.5 embryos as in the Dunn chamber assay. Motor neurons were 
divided equally into two wells and cultured in MN medium on laminin (50 
μg/ml) precoated coverslips at 37 °C. To estimate the initial number of 
motor neurons, cells of the first well were fixed in 2% PFA, 15% sucrose 
after 5 h and the number of Hb9::GFP positive neurons counted. Cells of 
the second well were counted after 3 d in culture and the two numbers 
were used to calculate the percentage survival. 
LMC motor neuron count. Wild type and Celsr3−/− embryos at E11.5, 
E12.5 and E13.5 were cryosectioned at 14 μm thickness from caudal to 
rostral lumbar spinal cord. Sections were collected once every five sections 
and immunostained with Foxp1 and Isl1. The numbers of motor neurons 
were counted manually with the help of NIH ImageJ software. 
Quantification of axon outgrowth. Axon outgrowth of LMC explants were 
quantified with the FeatureJ plugin of ImageJ software. Images were first 
converted into 8-bit format and then processed with FeatureJ Hessian 
which can detect the linear axons automatically. After removing the outline 
of the explants manually, the total axon area was measured in pixels. 
DNA constructs. For Celsr3-eGFP, eGFP was cloned from pEGFP-N1 
(GenBank U55762) and inserted in-frame at position 8866 in the 
mouse Celsr3 ORF in pcDNA3 (Invitrogen). This resulted in the production 
of a Celsr3 protein in which the 346 C-terminal amino acids are deleted and 
replaced by eGFP. For Fzd3-eGFP, the mouse Fzd3 coding sequence (in 
pcDNA-Fzd3) was subcloned in pEGFP-N1 in-frame and 5′ to eGFP. 
RESULTS 
  - 89 - 
 
Vangl2-DsRed was produced by cloning the full mouse Vangl2 ORF in 
pDsRed-N1 (Clontech) in-frame and 5′ to the DsRed sequence. Myc-
ephrinA2 and Myc-ephrinA5 were generously provided by J. 
Flanagan49 (Harvard Medical School). Myc-GFRα1 and Myc-Ret were 
purchased from OriGene and EphA7-Myc from Sino Biological. 
Immunostaining and antibodies. Embryos were fixed in 4% 
paraformaldehyde (PFA), cryoprotected in sucrose and then cryosectioned 
for immunostaining. Primary antibodies and reagents were goat anti-Foxp1 
(1:1,000, R&D, AF4534), goat anti-neuropilin1 (1:100, R&D, AF566), 
mouse anti–neurofilament 160 (1:400, Sigma, N5264), rabbit anti-EphA4 
(1:500, Santa Cruz, sc-921), rabbit anti-Ret (1:100, Santa Cruz, sc-167), 
rabbit anti–cleaved caspase3 (1:500, Cell Signaling, 9661), chick anti-GFP 
(1:1,000, Aves, GFP-1020), rabbit anti-GFP (1:2,000, Invitrogen, A11122), 
Alexa 594–conjugated α-bungarotoxin (1:2,000, Invitrogen, B-13423) and 
mouse anti-Islet1 (1:400, 3F7 from DSHB). 
Whole-mount neurofilament staining. Embryos were dissected in PBS 
and fixed overnight in cold Dent's solution (one part DMSO, four parts 
methanol). After bleaching in one part 30% H2O2, two parts Dent's solution 
overnight at room temperature and washing in TBS three times, the 
embryos were incubated overnight at room temperature in blocking serum 
(1 part DMSO, 4 parts normal goat serum) containing mouse monoclonal 
anti–neurofilament 160 antibody (1:400, Sigma, N5264). Embryos were 
washed in TBSGT (TBS, 1% Triton-X100, 0.2% fish gelatin) eight times, 1 h 
each, at room temperature. They were incubated overnight at room 
temperature in blocking serum with peroxidase-conjugated anti–mouse IgG 
(Fab specific) (1:500, Sigma, A3682 or Jackson ImmunoResearch, 115-
036-072). Embryos were washed in TBSGT eight times and then stained in 
DAB solution (0.05% DAB, 0.02% H2O2 in TBS) for 5 to 30 min. After 
staining, samples were dehydrated in 50% and 100% methanol and cleared 
in BABB solution (one part benzyl alcohol, two parts benzyl benzoate). 
Images were captured using a stereomicroscope (Leica) and edited using 
Adobe Photoshop. 
Coimmunoprecipitation and western blotting.For coimmunoprecipitation 
assays, HEK293T cells were seeded into six-well plates and transfected 
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with plasmids using Lipofectamine 2000 (Invitrogen). After 24 h culture, 
cells were lysed for 2 h at 4 °C in lysis buffer containing 10 mM Tris-HCl 
(pH7.4), 137 mM NaCl, 2 mM EDTA, 10% glycerol, 0.5% Triton X-100,1% 
β-octylglucoside (Thermo Scientific), protease inhibitor cocktail (Roche 
Applied Science, 11836170001) and phosphatase inhibitor cocktail 
(Thermo Scientific, 1862495). Cell lysates were then centrifuged at 
13,000g for 15 min at 4 °C. 40 μl supernatant was mixed with 10 μl 5× 
SDS-loading buffer and heated at 95 °C for 2 min or 50 °C for 30 min (for 
Celsr3-eGFP) as total lysates. The remaining supernatant was incubated 
with 2 μg of mouse anti-Myc antibody (Santa Cruz, sc-40) overnight at 4 °C, 
followed by incubation with protein A/G beads (Santa Cruz) for 2 h at 4 °C. 
The beads were washed four times with lysis buffer and suspended in 40 μl 
2× SDS-loading buffer. Total lysates and immunoprecipitates were further 
separated by SDS-PAGE and analyzed by immunoblotting. Primary 
antibodies we used were mouse anti-Myc (1:1,000, Santa Cruz, sc-40), 
rabbit anti-Myc (1:1,500, Santa Cruz, sc-789), rabbit anti-GFP (1:2,000, 
Chemicon/Millipore, AB3080), rabbit anti-DsRed (1:1,000, Clontech, 
632496) and mouse anti-Celsr3 (1:1,000, 11E3)15. 
Statistics. No statistical methods were used to predetermine sample sizes, 
but our sample sizes are similar to those reported in previous 
publications12, 13. Randomization and blinding were not employed. Data 
were tested for normality using the Shapiro-Wilk test, and compared by 
using either Student's t-test, for normally distributed data, or the Mann-
Whitney U-test for non-normally distributed ones. Analyses were carried out 
using GraphPad Prism. 
A Supplementary Methods checklist is available. 
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Unpublished results 
Some experiments were carried out to try and understand better the paresis 
phenotype in conditional Celsr3 mutant mice. A few informative examples not 
included in our main paper are briefly presented below. 
1. Complementary expression patterns of Celsr1–3 in the embryonic 
spinal cord (Fig. 14). 
2. Initially, we inactivated Celsr3 using Isl1::Cre mice. To confirm that the 
observed phenotype is due to inactivation in motor neurons and not in 
DRG, we needed to use a more specific Cre strain, and thus crossed  
Celsr3 floxed mice with Olig2::Cre. We verified that Olig2::Cre is 
expressed in motor neurons, both in MMC and LMC motor neurons, but 
not in DRG (Fig. 15) 
3. At the beginning of our work, we thought that the paresis phenotype 
could be related to some defective wiring in the spinal cord, particularly 
of proprioceptive afferent pathways. We therefore checked the 
proprioceptive projections from DRG using parvalbumin IHC (Fig. 16). 
In another experiment, we injected the retrograde tracer Fluorogold in 
the spinal cord and assessed its transport back to the main levels that 
project to the spinal cord (Fig. 17). No differences were detected 
between wild-type and mutant mice, indicating that the inner wiring of 
the spinal cord seems unaffected in our mutants. 
4. Given that no evident anomalies were found in the spinal cord, we 
realized that the phenotype results from motor axon guidance 
anomalies and did not investigate the wiring in the spinal cord further. 
To gather more evidences that our defect is related to abnormal motor 
innervation in the dorsal hindlimb, we carried out electrophysiological 
experiments with help of Prof. Mario Manto. We found that the 
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compound action potentials recorded in the tibialis anterior muscle are 
abnormal, not only in their morphology, but also in their stability in time. 
This is illustrated in Fig. 18. 
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Fig. 14 Celsr1–3 mRNA expression patterns using 32P-labeled riboprobes. 
Transverse (A–C) and horizontal (D–F) sections of wild-type E12.5 embryos, 
hybridized with Celsr1 (A, D), Celsr2 (B, E), and Celsr3 (C, F) probes. Stars point 
to the stem cells in the spinal cord, arrows point to the dorsal root ganglions, and 
arrowheads point to the postmitotic neurons in the spinal cord.  
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Fig. 15 Lineage expression pattern of Olig2::Cre in the developing spinal 
cord.  Transverse sections of lumbar spinal cord of Rosa 26 Tomato;Olig2::Cre 
embryos at E12.5. Olig2::Cre (red) is expressed in ventral spinal progenitor cells, 
some ventral interneurons and all spinal motor neurons, including LMC (yellow 
cells in C) and MMC motor neurons, but not in DRG cells. Foxp1 (green) antibody 
was used to label LMC motor neurons. Scale bar: 10 m. 
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Fig. 16 The projections of proprioceptive axons are unaffected in Celsr3 
mutants. Transverse sections of lumbar spinal cord at P0 from wild-type (A–C) 
and Celsr3 mutants (D–F) stained with Hb9::GFP (green) and –parvalbumin 
antibodies. In both wild-type and Celsr3–/–, parvalbumin positive proprioceptive 
axons from the dorsal root ganglion enter the dorsal spinal cord and project to the 
GFP positive spinal motor neurons in the ventral horn. 
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Fig. 17 Descending axons can project to the lumbar spinal cord in adult 
Celsr3f/–;Isl1::Cre mice. Retrograde tracer Fluorogold was injected in the L1 
spinal cord of adult mice which were sacrificed two weeks later (A). In both wild-
type (B–D) and Celsr3f/–;Isl1::Cre (E–G) mice, Fluorogold injection results in the 
retrograde labeling of layer V neurons (B,E), the red nucleus in the midbrain (C,F) 
and the reticular formation in the brainstem (D,G), indicating that descending axons 
are preserved in Celsr3f/–;Isl1::Cre mice. Scale bar: 50 m. 
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Fig. 18 Decreased compound muscle action potentials (CMAP) in paralyzed 
Celsr3f/–;Isl1::Cre mice.  Recordings of the CMAP from the tibialis anterior 
muscles of adult wild type (A) and paralyzed Celsr3f/−;Isl1 ::Cre (B) mice, under 10 
Hz repetitive supramaximal stimuli applied to the sciatic nerve. In contrast to the 
wild-type CMAP responses, characterized by a typical and stable biphasic wave, 
the CMAPs were polyphasic in the paralyzed mutants, with lower amplitudes and 
dramatic reduction as the stimulations continue.  
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4. DISCUSSIONS & PERSPECTIVES 
The role of Celsr3 in axon guidance is presented in the Introduction and 
discussed in the Results and Discussion of our original paper (Chai et al., 
2014), and addressed in a review provided in Annex (Chai et al., 2015). Here, 
we will focus on some questions that we could not address in our thesis, which 
we consider quite important and which may point to future progress in the field. 
4.1 Redundancy between Celsr2 and Celsr3 
All Celsrs have a seven-transmembrane domain and a conserved ectodomain 
with nine cadherin domains, six epidermal growth factor-like repeats and two 
laminin A G-type repeats. In contrast, intracellular tails are much less 
conserved. Celsr2 and Celsr3 exhibit overlapping expression patterns. Both 
genes are expressed in postmitotic neural cells, but, whereas Celsr3 is sharply 
downregulated during the postnatal period, expression of Celsr2 is maintained 
in the adult (Boutin et al., 2012; Tissir and Goffinet, 2010, 2013). Similar 
structures and co-expression in the same cell population imply a potential 
redundancy between Celsr2 and Celsr3. Indeed, Celsr2 and Celsr3 act 
redundantly to control neuronal migration and ciliogenesis (Qu et al., 2010; 
Tissir et al., 2010). Deletion of Celsr2 alone leads to abnormal migration of 
facial branchiomotor neurons, which is not observed in Celsr3 mutants. 
Combined inactivation of Celsr2 and Celsr3 aggravates the phenotype, the 
severity of which is similar to that in Fzd3 mutants (Qu et al., 2010). Likewise, 
Celsr2 and Celsr2+3 control ciliogenesis in ependymal cells redundantly (Tissir 
et al., 2010). In vitro studies using RNA interference in brain slices showed 
opposite functions of Celsr2 and Celsr3 in dendrite growth, the specificity of 
which depends on the transmembrane domains and C terminal tails (Shima et 
al., 2007; Shima et al., 2004). However, axon guidance defects are observed in 
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Celsr3 but not in single Celsr2 mutants, although Celsr2 and Celsr3 guide 
axons redundantly in both CNS and PNS: Celsr2+3 double mutants exhibit 
pronounced axon guidance defects which are more severe than in Celsr3 
single mutants, and similar to those in Fzd3 mutants (Chai et al., 2014; Qu et 
al., 2014; Tissir et al., 2005; Zhou et al., 2008). Thus, in wild-type mice, Celsr2 
may play important roles in neuronal migration and ciliogenesis, but not in axon 
guidance, while reciprocally Celsr3 would mainly regulate axon guidance. 
However, both proteins could palliate absence of the other, for example via 
upregulated expression or modifications of subcellular localization/distribution. 
The expression of Celsr2 also overlaps that of Celsr1 in neural progenitors 
where Celsr3 is absent; a putative redundancy between Celsr1 and Celsr2 is 
likely and remains to be assessed. 
4.2 Cell autonomous versus non cell autonomous action of Celsr3 
Studies with conditional inactivation show that Celsr3 and Fzd3 are required in 
the same cells for axon pathfinding in the central, peripheral, sympathetic and 
enteric nervous systems. In most cases, they are required cell-autonomously 
for axon guidance, except in the development of the internal capsule (IC) 
where they are required in Dlx5/6 positive intermediate target cells. During 
development of the IC, cortical and thalamic axons navigate respectively 
through the pallial-subpallial boundary (PSPB) and the diencephalon-
telencephalon junction (DTJ), and then enter a permissive “corridor” in IC. 
Specific removal of Celsr3 or Fzd3 in the intermediate targets in the ventral 
forebrain using Dlx5/6-Cre – but not in the cortex or dorsal thalamus – leads to 
a defective IC. How can we understand this unique non-cell-autonomous 
function of Celsr3 and Fzd3 in axon guidance? One possibility could be that, in 
wild-type, the Dlx5/6 positive neurons in the corridor form a permissive channel 
for corticofugal axons when they travel through the DTJ, and forms an early 
bridge between the ventral telencephalon and prethalamus, that would pave 
the way for later growing dorsal thalamic axons. This channel can be formed by 
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projecting pioneer axons or directionally migrating cells, and Celsr3 and Fzd3 
are required cell-autonomously for the formation of the channel. In this view, 
gene inactivation leads to a defective channel and this affects the pathfinding 
of cortical and thalamic axons in the corridor of IC. Interestingly, a similar 
model applies to the pathfinding of sensory axons in the limb. Specific 
inactivation of Celsr3 or Fzd3 in spinal motor neurons – but not in DRG 
sensory neurons – leads to a defective projection of sensory axons, indicating 
that Celsr3 and Fzd3 are required non-cell-autonomously for sensory axon 
guidance. In contrast, Celsr3 and Fzd3 are required cell- autonomously for the 
projections of motor axons (Chai et al., 2014). During development, spinal 
motor axons project into the limb bud before sensory axons, for which they act 
as pioneer guides for sensory axons (Wang et al., 2011). When Celsr3 or Fzd3 
are deleted in spinal motor neurons, motor axons fail to extend in the distal 
limb. Inasmuch as peroneal nerves contain both motor and sensory fibers, the 
absence of the latter is likely secondary to defective projections of the motor 
axons. 
4.3 Mechanisms of action of Celsr3/Fzd3 in axon guidance 
Although the role of Celsr3 and Fzd3 in the development of many axonal tracts 
is well established, some interesting questions remain, which may help us 
understand better their functions and mechanisms of action. Some axonal 
guidance defects observed in Fzd3 mutants have not been examined in Celsr3 
mutants, and several defects observed in Fzd3–/– mutants are not studied in 
conditional Fzd3 mutants. For example, defective projections of retinal ganglion 
cell (RGC) axons were observed in Fzd3–/– mutants: the projection of RGC 
axons to the medial terminal nucleus (MTN) is completely missing, and some 
RGC axons segregate from the optic tract and project aberrantly to medial 
thalamus (Nguyen Ba-Charvet et al., 2001). Intriguingly, only the former defect 
was observed when Fzd3 was specifically removed in RGC, suggesting that 
Fzd3 is required cell-autonomously for the projection of RGC axons to MTN but 
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non-cell-autonomously for the misrouting of RGC axons to medial thalamus. It 
would thus be interesting to check whether Celsr2 and 3 control RGC axon 
guidance similarly, and also to try to understand why RGC axons are derailed 
in Fzd3–/– mutants, whether due to the deletion of Fzd3 in the guidepost cells, 
or to aberrant projections of other axonal tracts . In addition, in Fzd3–/– mutants, 
the projection of ascending axons from the spinal cord is severely reduced in 
the brainstem and completely absent in the midbrain and thalamus (Hua et al., 
2014), and the innervation of peripheral targets by sympathetic axons is 
decreased (Armstrong et al., 2011). All these defects remain to be checked in 
constitutive Celsr3 or in conditional Fzd3/Ceslr3 mutants. Similarly, it would be 
interesting to check whether Fzd3/Ceslr3 control the development of other 
axonal tracts, such as auditory axons, vomeronasal axons, olfactory axons and 
somatosensory axons. Such careful studies of phenotypes may reveal novel 
functions of Celsr3/Fzd3 in axon guidance and improve our understanding of 
the development of axonal tracts. 
4.4 Do Wnts work with Celsr3 and Fzd3 in motor axon guidance? 
The tetrapod limb develops as a plate of mesenchymal cells from the lateral 
plate mesoderm, covered by a layer of surface ectoderm. Limb muscles derive 
from myoblast progenitors that migrate from somites and are innervated by 
spinal motor neurons from the lateral motor column. The patterning of limbs is 
determined by a three-dimensional system that defines a proximodistal axis 
(from limb insertion to digits), an anteroposterior (rostrocaudal) axis (from first 
to fifth digit), and a dorsoventral axis (from dorsum to palm) (Yang, 2009). 
The proximodistal axis is under the control of fibroblast growth factors 
(FGFs) secreted by the distal ectodermal cells in the apical ectodermal ridge 
(AER). The anteroposterior axis is under the control of sonic hedgehog (SHH) 
secreted from the so-called zone of polarizing activity (ZPA) in the posterior 
mesenchyme, whereas the dorsoventral axis is controlled by bone 
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morphogenetic proteins (BMPs) and engrailed (EN1) expressed in the ventral 
ectoderm, and by Wnt7a from the dorsal ectoderm. 
  Alterations in this system, by targeted gene inactivation in the mouse, 
by overexpression of certain genes in chick embryos, or by gene mutations in 
humans, result in specific phenotypes. Inactivation of Wnt7a in mice and 
human results in a loss of dorsal structures of the distal limb that manifests as 
double-ventral limbs (Woods et al., 2006). Wnt7a defines the dorsoventral axis 
by inducing the expression of the transcription factor Lmx-1b in the dorsal limb 
mesenchyme, and mutations in Lmx1 also result in loss of dorsal features. The 
expression of Wnt7a is restricted to the dorsal ectoderm because it is 
repressed by EN1 in the ventral ectoderm. Accordingly, inactivation of EN1 
results in double-dorsal limbs. 
  Inasmuch as our data on limb innervation show that Celsr3 and Fzd3-
deficient axons cannot extend in dorsal limbs, we believe that Wnt7a may be a 
good candidate to bind to growth cones from LMCL neurons, and attract them 
dorsally, and we would like to suggest possible experiments to test that 
hypothesis. Some recombinant Wnt proteins, including Wnt3a, Wnt5a and 
Wnt7a are available commercially, and Wnt factors can be produced by 
transient transfection of Wnt-encoding plasmids – all of which are available 
from AddGene – in cell lines. Candidate Wnt factors could therefore be tested 
for their ability to foster growth of spinal motor axons cultured in the open book 
preparation and labeled with the Hb9::GFP transgene. Spinal cord 
microexplants can also be used to test axonal outgrowth. Comparison of Wnt 
candidates such as Wnt5a and Wnt7a with the canonical Wnt3a will allow to 
define effects due to non canonical versus canonical, beta-catenin-dependent 
activity. Should those experiments point to an effect of candidate Wnt 
molecules such as Wnt7a or b, then they should be repeated using tissue from 
Fzd3 and Celsr3 mutant embryos to test whether the phenotypes are 
dependent of our genes of interest.   
DISCUSSIONS & PERSPECTIVES 
  - 120 - 
 
4.5 Other potential partners of Celsr3/Fzd3 in axon guidance 
In addition to Wnts which may act as ligands of Celsr3/Fzd3, emerging 
evidence suggests the role of other potential partners of Celsr3 and Fzd3 in 
axon guidance. EphrinAs and Linx may act as co-receptors of Celsr3/Fzd3 to 
integrate multiple guidance signals. Celsr3 or Fzd3 mutant motor axons fail to 
respond to the attractive ephrinA reverse signaling, where ephrinAs in the 
growth cone act as receptors of EphAs. Moreover, Celsr3 and Fzd3 co-
immunoprecipitate with ephrinA2 ephrinA5 and Ret when expressed in 
transfected cells. Thus, ephrinAs, which are GPI-anchored proteins residing in 
lipid rafts, may help assemble signaling platforms containing Celsr3/Fzd3, 
Ret/GFRA1 and probably other partners, enabling growth cones to integrate 
multiple steering signals. Linx, a LIG family transmembrane protein, mediates 
axon guidance in both central and peripheral nervous system. Linx mutants 
share phenotypic defects with Celsr3 or Fzd3 deficient mice. Like Celsr3 and 
Fzd3, Linx is required in guidepost cells in the basal forebrain for internal 
capsule formation, in neocortex for the development of corticospinal tracts, and 
in motoneurons for hindlimb innervation. In transfected cells, both Linx and 
Celsr3-Fzd3 co-immunoprecipitate with Ret. Altogether, these data suggest 
that Linx and ephrinAs may interact with Celsr3-Fzd3 in the membrane of 
growth cones to control axon guidance.  
The downstream effectors of Celsr3/Fzd3 in axon guidance are also 
completely unknown. Dvl is a key cytoplasmic protein adapter of Fzd receptors 
in both canonical Wnt signaling and PCP signaling. Although there is thus far 
no genetic evidence for the role of Dvl in axon guidance, probably due to lack 
of conditional Dvl alleles, several in vitro experiments suggest that Dvl controls 
axon guidance downstream of Fzd3. Formin proteins play important roles in 
actin polymerization and microtubule dynamics. Formins interact with Dvl which 
is essential to disrupt its auto-inhibition, and there are some in vitro evidences 
pointing to a potential function in axon growth. Therefore, Formins are strong 
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candidates to remodel the actin skeleton in growth cones, downstream of 
Fzd3/Celsr3. E3 ubiquitin ligases may also participate in Celsr3/Fzd3 signaling 
in axon guidance. E3 ligases Smurf1 and Smurf2 interact with Dvl2 and control 
PCP in mice, and inactivation of Phr1 or Rnf165 (Ark2C), two E3 ligases, leads 
to axon pathfinding defects very reminiscent of that in Celsr3 and Fzd3 mutants. 
4.6 Cooperation between Celsr3/Fzd3 signaling and other axon guidance 
signals 
Given that Celsr3/Fzd3 and other classical axon guidance cues control the 
development of similar axonal tracts, it would be interesting to know whether 
they work cooperatively or in parallel. Our studies showed that inactivation of 
Celsr3/Fzd3 impairs the responses of spinal motor axons to the attractive 
ephrinA reverse signal, but does not affect the responses to GDNF and 
repulsive EphA forward signals (Chai et al., 2014). Inactivation of Celsr3 
increases the severity of peroneal nerve atrophy in EphA4 mutants, and in 
transfected cells, both Celsr3 and Fzd3 interact physically with ephrinA2, A5 
and their co-receptor Ret. As far as we know, this is the first example of a 
functional and physical interaction between Celsr3/Fzd3 and another axon 
guidance system. It would thus be interesting to test whether Celsr3/Fzd3 are 
similarly required for axons to respond to Netrins, Semaphorins and Slits. 
Recent studies in Drosophila revealed a functional cooperation between 
Flamingo/Frizzled and Netrin/Frazzled in axon guidance. Whereas neither fmi 
nor fz mutant flies show defects in commissural and the longitudinal axon 
guidance, inactivation of either of them enhances the phenotypes of 
netrin/frazzled mutants. By contrast, inactivation of vangl or dsh does not 
increase the phenotype of netrin/frazzled mutants. Recue experiments 
demonstrate that Flamingo is required cell-autonomously in neurons, and that 
both extracellular and intracellular domains are necessary. Thus, 
Flamingo/Frizzled and Netrin/Frazzled cooperatively control axon guidance in 
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Drosophila midline possibly by sharing the Rac1 small GTPase as a common 
downstream component (Organisti et al., 2015). 
4.7 Other ligands of the Celsr3/Fzd3 complex. 
The findings summarized above leave open the key question of the ligands of 
the Celsr3/Fzd3 complex. Celsr proteins are generally believed to mediate 
homophilic interactions. However, in the limb, Celsr3 is not expressed, even at 
low amounts, in the mesenchyme, where Fzd3 is expressed only at a low level. 
To test the hypothesis that Fzd3 in mesenchyme might act on motor growth 
cones, we crossed conditional Fzd3 and Prx1::Cre mice, which express Cre in 
mesenchyme robustly and are widely used to delete target genes in that tissue 
(Logan et al., 2002). Seven Fzd3f/-;Prx1::Cre animals were generated, and 
none had any evidence of hindlimb paresis, a fully penetrant trait in Fzd3-/- or 
Fzd3f/-;Isl1::cre mice. Therefore, we can conclude that Fzd3 expressed in 
mesenchyme plays no part in the phenotype of interest.  
Thus, apart from putative Wnt factors such as Wnt7a, at this stage we 
have no idea about which molecule(s) in the limb can drive motor axons via 
Celsr3/Fzd3. Apart from a serendipitous “lucky hit”, the identification of 
this/these molecule(s) would require a genetic screen, probably a recessive 
screen using ENU or another mutagen. Such screens allowed identification of 
LINX, for example. The most difficult aspect of a screen is a robust, easily 
scalable readout to identify mutant phenotypes. Presumably, whole mount 
staining of limb nerves at E11.5 would be suitable. The workload and price 
required are high, however, especially given the unknown probability of 
success. This is a main reason why our laboratory has taken another, more 
systematic and biochemical approach using immunoprecipitation of Celsr3 and 
identification of candidate interactors by proteomics. Hopefully, this approach 
can identify some intracellular partners of Celsr3, and may also prove able to 
define candidate ligands. 
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